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Preface
This thesis describes the results of the research that has been conducted during four
years of my PhD studentship in the group Vaste Stof Fysica 2. Writing down these
words brings back to memory all that has happened during those years. Now I can
say: “These were nice years!”. But to be honest I should also say that things went
sometimes not as smoothly I would have liked and that there were a lot of difficult
moments on the way.
When I came to the Netherlands I found that there were many things and “rules”
that I had to learn. Another thing to learn was Dutch language . . . . Adding to this
the difficulties which every PhD student faces at the beginning of his contract, it adds
up to quite a problem. But as my father used to say: “Life is a series of obstacles
and it is your task to learn how to evercome them”, and I think that I have found my
way. At this point I would like to say that it comes not only to my credit but also a
lot of people were very helpful to me, whom I would like to thank here.
Without doubt the most important person has been my promotor Herman van
Kempen. Beste Herman ik wil je bedanken voor het vertrouwen dat je mij hebt
gegeven om onderzoek in alle vrijheid te verrichten. Dankzij jouw advies ging het
onderzoek steeds de juiste richting op. Ook wil ik je hartelijk bedanken voor de
mogelijkheid om na de afloop van mijn promotiecontract nog een jaar als postdoc te
blijven werken.
I am indebted to Prof. Aleksander Lichtenstein for the possibility to work together
with him on the problem of an “exotic” Kondo resonance on the Cr(001) surface.
Without your deep theoretical knowledge of Solid State Physics it would have never
been possible to understand in full extend our experimental results. It was a very
productive and pleasant cooperation, during which I have not only learned a lot about
the “black box” of ab initio calculations but have also found a good friend. Thank
you Sasha.
I would like to thank Oleg Shklyarevskii for teaching me all about Mechanically
Controllable Break Junctions and low temperature experiments. With you as a direct
supervisor I obtained my first experimental results and wrote my first article. And
that was just the beginning, thanks to your help.
Jan Hermsen, Jan Gerritsen and Tonnie Tonnen wil ik bedanken voor alle tech-
nische hulp. Ik heb veel van jullie geleerd over mechanische zaken, elektronica, en
gewoon over hoe je een problem moet oplossen. Jan Gerritsen wil ik vooral bedanken
voor zijn enorme kennis over STM en voor zijn hulp om de STM plaatjes te bewerken
met de speciale software. Riki Gommers en Marilou van Breemen wil ik hier ook zeker
bedanken voor zaken die niet direct bij het onderzoek horen maar toch zeer belangrijk
zijn. Als er iets geregeld moest worden wisten jullie altijd het hoe en wat. Hier wil ik
ook mijn collega’s bedanken voor de gezellige sfeer op de afdeling. Maarten, Randy,
Toyo: ik vond het erg prettig met jullie samen te werken, praten en gezellig met jul-
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lie naar conferenties te rijden. Alle overige mensen die de afgelopen vier jaar op de
afdeling hebben gewerkt wil ik bedanken voor de gezellige sfeer tijdens koffiepauzes
en uitstapjes. Ik wil ook Bas hier noemen met wie ik in de laaste maanden veel heb
samen gewerkt.
As everybody knows the life of a PhD student is not restricted within the walls
of the university, but is also going on outside of them. Here I would especially like
to thank Andrey and Victoria Kirilyuk for all the time we have spent together. You
were and remain among our best friends. Ofcourse mentioning the life outside of the
university I can not forget the postdocs of our group. Aidan, Anthony, Florian, you
always cared for nice parties which we all enjoyed so much. If I were to mention all
the people who made my life more interesting during those years the list would be too
long to fit in the space here. Thank you all: all my colleagues, my university friends
which are all around the world now but who were always ready to come to another
country to have some days together, our volleyball team, our “small” group of russian
friends with whom we had so much fun, etc.
Last but not least, I would like to thank my family. Mama and papa I would like
to thank you for all that you did for me starting from raising me up, giving me a
good education and always being there to give me good advice. Without your sup-
port, your daily e-mails during my time here it would have been impossible. Alla, I
would like to thank you for all the love and support you have given me during those
years. Without you my life would be just miserable.
Aleksey Kolesnychenko
Nijmegen, 18 February 2002.
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Chapter 1
General Introduction
When one says that matter exhibits particle-wave duality , everybody immediately un-
derstands what is meant. However, it was different just hundred a years ago when peo-
ple only knew the existence of “particles” and “waves”. Historically, people thought
that light was made up of particles, but it was later discovered that light has also
wave properties exhibiting sometimes particle behavior. This dilemma has only been
solved at the beginning of 20th century when it was realized that light (as well as
electrons, protons, neutrons, photons and so on) has a dual nature (both particles
and waves) and can only be satisfactorily described using Quantum theory (see e.g.,
[1]).
One of the basic phenomena which manifests the wave nature of matter is tunnel-
ing through a barrier. Classically, a particle can not penetrate the barrier and would
be reflected on the boundary. However, according to Quantum Mechanics, all regions
are accessible to a quasiparticle with the probability of the particle location follow-
ing directly from the nature of the solution Ψ(x) of Schro¨dinger’s equation and the
probability interpretation of Ψ∗Ψ. As an illustration let us consider two conducting
electrodes placed opposite to each other and separated by a vacuum region Fig. 1.1.
The potential inside the vacuum region lies above the Fermi level of the electrodes
(vacuum level), thereby forming an energy barrier for electrons to cross this region.
The height of the potential barrier is determined by electrode work functions. In
quantum mechanics electrons are described by wave functions, which do not termi-
nate abruptly at the electrodes boundaries, but decay exponentially into the vacuum
region. Therefore, there is always a finite probability for an electron with an energy
below the barrier height to pass to the other side of the barrier. If both electrodes
are in equilibrium and no external voltage is applied, the probabilities for electrons
tunneling from left to right and vise versa are the same and there is no contribution
to the total tunneling current. When an external voltage is applied, the tunneling
1
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Figure 1.1: Energy diagram of two metallic electrodes separated by a vacuum
barrier when bias voltage is applied across the junction. d - separation between
electrodes, φ1,2 work functions of the electrodes. U(z,V) shows the image poten-
tial.
probability for electrons in one electrode becomes larger, giving rise to the tunnel-
ing current which strongly depends on the external voltage, width and height of the
potential barrier and also on internal properties of the electrodes. The tunneling cur-
rent between two metals separated by an insulating layer has been evaluated for the
first time by Bardeen [2]. He arrived at an expression for the tunnel current of the
following general form:
IT = V C(V )exp
(2d
~
√
2mφ
)
, (1.1)
with V a bias voltage across the junction, C(V ) a prefactor that describes possible
deviations from Ohm’s law, d the gap width, m the electron mass, and φ the average
barrier height for which usually the average work function for both electrodes is taken.
There are many examples showing the importance of tunneling phenomena both
for our fundamental understanding of nature and for technical progress. The most
known examples are the tunnel diode, the Josephson junction and more recently the
tunneling magnetoresistence effect. Although, as demonstrated above, the basics of
these effects are well understood, a more detailed treatment of these effects is required
in order to build smaller and better functioning devices. Also the fundamental as-
pects of the quantum tunneling phenomena in some systems are still not completely
uncovered and further investigations are still necessary. For example a more detailed
treatment of the electron tunneling process should incorporate the three-dimensional
geometry of the electrodes, surface charge that is built up at electrodes (image po-
tential), and finally the electronic structure of the two electrodes. Especially the
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electronic structure of the surfaces and interfaces are important for electron-tunneling
devices as those electrons on the surfaces contribute the most to tunnel current. Here,
two techniques which have at the heart the basic phenomena of quantum mechanics
- electron tunneling - Scanning Tunneling Microscopy and Mechanically Controllable
Break Junctions, can be employed to uncover surface electronic structure and sub-
tleties of electron tunneling phenomena.
Mechanically Controlled Break Junctions [3, 4] enable one to do experiments with
two clean surfaces of the same material that are held in a highly stable configuration
where the vacuum gap between electrodes can be very accurately set, and can be
varied in a continuous way. The stability and adjustability of a MCB junction makes
it a perfect tool to study the electron tunneling between two metallic electrodes as
a function of electrode separation. The Scanning Tunneling Microscope [5] is an
instrument which is based on the exponential dependence of tunnel current on the
vacuum barrier width. The tunnel current can be restricted to a very narrow channel
by shaping one of the electrodes into a needle (tip). The strong sensitivity of the tunnel
current to the barrier width can then be utilized to study the surface topographic and
electronic structure on an atomic scale by recording the tunnel current while moving
the tip in a plane parallel to the sample surface. In addition, by measuring the current
as a function of bias voltage across the junction, it can be possible to probe the sample
local density of states (LDOS).
In this thesis we will present experimental investigations aimed at a deeper un-
derstanding of tunneling between metallic electrodes through a vacuum barrier under
different circumstances and studying of surface electronic structures via electron tun-
neling. This thesis is organized in the following way.
In Chapter 2 we present a description of the Mechanically Controllable Break
Junctions (MCBJ) technique which is an experimental tool we have used for inves-
tigations described in Chapters 2 and 3. Describing MCBJ we will not only discuss
the basic principles and technical details of this technique but will also address its
advantages and drawbacks in Sec. 2.4 of Chap. 2. In Sec. 2.5 we will show how it is
possible to improve the characteristics of MCBJ electrodes by a novel method of sur-
face modification which allow the production of electrodes with nearly flat interfaces
and a greatly reduced number of surface defects. The thermal expansion dynamics
investigations of W, Pt-Ir and Au MCBJ electrodes, which is an inevitable part of
the surface modification process described in Sec. 2.5, will be described in Sec. 2.6
of Chap. 2. In Sec. 2.7 peculiarities of electron tunneling phenomena in magnetic
MCBJ are addressed. We will show that magnetic nanoparticles can be created and
confined between ferromagnetic MCBJ electrodes. Discussing the influence of these
particles on the tunneling current at ultra-short distances we will consider several
phenomena such as spin-polarized tunneling, tunnel barrier height variations, density
of state effects, metallic adhesion, magnetic exchange interaction, and finally thermal
effects described in Sec. 2.6 but for the case of small nanoparticles.
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In Chapter 3 we will present measurements at eVb much larger than the work
function φ of the metal under investigation, emphasizing the junction conductance
oscillation effect also known as field emission resonances (FER). In Sec. 3.2 of this
chapter we will give a detailed theoretical treatment of FER in a one-dimensional
model with a trapezoidal barrier. In Sec. 3.3.1 we show that the pronounced three
dimensional nature of the MCBJ electrodes results in an extremely high sensitivity
of the field emission resonance spectra to the fine details of the surface geometry,
electronic structure and electric field distribution at small electrode separations. At
larger distances a quasi-classical approximation can be used for the determination of
the metal work function, precise calibration of the electrode relative displacement and
discrimination between “blunt” and “sharp” electrodes on the basis of the distance -
voltage z(V ) dependence. In Sec. 3.4 we use FER phenomena as an accurate method
for calibration of the relative displacement ∆z of Mechanically Controllable Break
junction electrodes and for determination of the metal work function φ using the os-
cillating behavior of tunnel conductance in a field emission region. The precision of the
proposed method is at least one order of magnitude better than the most reasonable
estimations that have previously been possible. In combination with tunnel current
- distance dependence I(z) measurements the absolute vacuum gap can be evaluated
with an accuracy ± 0.25 A˚. Finally in the last section of Chapter 3 we utilize FER to
study the influence of adsorbed helium on the metal work function. Measurements for
Au, Be, Mg, Dy, Ni, Co, Fe and Pt have uncovered dramatic increases in metal work
functions caused by physisorption of He atoms. These results are in sharp contrast
to the data for the other rare gases where the work function decrease on a moderate
scale. At high He coverage or for junctions measured directly in the liquid helium the
potential barrier height at the metal-He interface is approximately twice as large as
the work function of the metal under investigation.
Chapters 4 and 5 of this thesis are devoted to Scanning Tunneling Microscopy and
spectroscopy (STM and STS) techniques and experimental results obtained by this
method. In Chapter 4 we briefly describe the basics of STM and technical details
of the Low-Temperature STM. In this chapter we mainly concentrate on important
peculiarities of STM/STS and on experimental method for obtaining atomically clean
and flat surfaces – cleavage technique. In Sec. 4.2 of Chapter 4 we show that the
interpretation of atomically resolved images is very complicated. We discuss and
present experimental evidences which show that the shape and electronic structure of
the tip can significantly influence the appearance of atomically resolved images. We
also demonstrate that depending on the bias voltage atoms can appear both as pro-
trusions and depressions on STM images. In Sec. 4.3 we summarize experimental and
theoretical knowledge on the cleavage of brittle materials as a method for producing
atomically flat and clean surfaces for STM studies. We concentrate on the cleavage
of bcc materials which are subsequently used in Chapter 5 in order to describe the
results. In Sec. 4.4 we analyze the method of STS as a local probe for the electronic
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structure of a sample surface. It is shown that both dI/dV and (dI/dV)/(I/V) do
not reflect the original electronic structure identically. In order to elucidate this dis-
crepancy, simple model calculations are performed. From these calculations criteria
are derived which can be used in order to analyze STS studies and to determine the
surface electronic structure.
In the last chapter of this thesis we present STM and STS investigations of the
Cr(001) surface. Using fracture of Cr single crystals at liquid helium temperature,
we were able to obtain atomically clean and flat Cr(001) surfaces of which the char-
acterization by STM is presented in Sec. 5.1. In Sec. 5.2 the observation of Friedel
oscillations on point defects and step edges on the Cr(001) surface are presented.
Results of the Cr(001) surface electronic structure are shown in Sec. 5.3. All new
experimental findings are discussed within the framework of one-particle and many-
electron models. We demonstrate that the orbital degeneracy of the dxz and dyz
surface states can lead to the formation of an orbital Kondo resonance. In order to
verify the formation of the orbital Kondo resonance on the Cr(001) surface quantita-
tively, we have carried out calculations for the periodic degenerate Anderson model.
We present a first direct evidence that the orbital degrees of freedom of surface elec-
tron states can lead to the Kondo effect. This important discovery opens up a novel
system, namely the transition metal surface, where many-body physics is of crucial
importance.
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Chapter 2
Mechanically Controllable
Break Junctions
This Chapter presents a description of the Mechanically Controllable Break Junctions
(MCBJ) technique as well as some findings which allow us to improve and possibly
broaden MCBJ performance capabilities and to deeper understand the subtleties of
electron tunneling through a vacuum barrier.
2.1 Introduction
The idea to create a tunneling junction by breaking a sample at low temperatures
and in a vacuum or helium atmosphere was first proposed by Moreland and Ekin [1].
Excellent technical realization of this idea by Muller and co-workers [2] created a new
method for the study of both point-contacts [3] and vacuum tunneling between ultra-
clean surfaces of metals, which is commonly known as the Mechanically Controllable
Break Junctions (MCBJ) technique. The principle behind this technique is essentially
very simple. A sample material is anchored at two points to a flexible beam, and can
then be broken by bending this beam. The rigid mounting of the filament ensures a
high sample stability. The electrode separation, or the size of a point-contact, can be
accurately adjusted by means of the bending force applied to the beam. Although a
few successful attempts have been made to adapt MCBJ for scanning small surface
areas, the main strength of this technique lies in a possibility to work with atomically
clean surfaces obtained by fracture at helium temperature, along with its very stable
configuration and the ability to control electrode separation in a very accurate and
continuous way up to ultra-small distances. These advantages of MCBJ have pro-
vided the opportunity to explore point-contacts of submesoscopic size with which the
7
8 Mechanically Controllable Break Junctions
1E-18
1E-17
1E-16
1E-15
1E-14
1E-13
1E-12
1E-11
1E-10
1E-9
1E-8
1E-7
0.1
1
10
100
10 20 60 70 80 90
O
pe
ra
tio
n
a
l t
e
m
pe
ra
tu
re
 r
a
n
ge
O2
O2
N2
N2
H2
4He
Temperature, K
lo
g(P
re
ss
u
re
,
 
To
rr
) 
Figure 2.1: Vapor pressure of 4He, H2, N2 and O2 as a function of temperature
(after Ref. [11])
interaction of electrons with an individual magnetic impurity [4] or single two-level
fluctuators [5] has been observed and conductance quantization of a metallic wire of
single gold atoms [6] and observation of shell effect in sodium point-contacts [7] has
been reported. In the tunneling regime the exceptionally high stability of MCBJ has
been exploited to investigate electrode interaction at ultra-small distances [8] and the
influence of adsorbed helium on the tunnel current [9, 10].
2.2 Experimental Setup
The MCBJ experiments described in this thesis were performed at low temperatures
(1.2-4.2K). For this purpose, the sample was mounted at the low part of an insert (Fig.
2.2iii) which could be hung into a standard OXFORD He4 bath cryostat equipped
with a 7-T magnet. The cryostat was suspended from the ceiling using elastic cords
in order to suppress external vibrations. The ability to perform measurements at
liquid helium temperature allows one to work with clean surfaces of electrodes for
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many days. At this low temperature the vapor pressure of common gases is very low.
Although it is impossible to measure the vapor pressure directly, we can extrapolate
the known data for the vapor pressure at higher temperatures to 4.2K [11]. Figure
2.1 shows the vapor pressure of common gases. As one can see the vapor pressures of
O2, N2, Ne, at 4.2K are less than 10
−15 Torr and only H2 and He gases have a vapor
pressure larger than 10−7 Torr at such low temperatures.
Figure 2.2iii shows one of the inserts used in our experiments. Two long shafts
that are used to manipulate the sample mechanically, run from the top of the insert
via rotational feedthroughs which are commercial magnetic liquid sealed feedthroughs
[12], down into the vacuum chamber. The main spindle (coarse) that exerts its force
at the center of the bending beam can be turned directly with one of these shafts.
The other axes (fine) is driven over a worm-wheel gearbox with a 1:50 attenuation,
and steers a differential screw mechanism which effectively gives, depending on the
specific design of the lower part of the insert, a 25 or 50 times smaller displacement
at the central spindle per turn of this second axes compared to the first one. Both
axes are connected to the lower part of the insert via fork-blade mechanisms, and can
thus be decoupled to avoid sudden contact changes that may occur due to relaxation
of torsion strain in these axes.
Figure 2.2i,ii shows two different designs of the main part of the break junction
insert. The body (A) has been machined out of one solid piece of brass to obtain
as high stability as possible. The operation is based on the following procedure.
A sample is mounted in the slits (B). The back-spring (D) makes the system more
rigid and gives the opportunity to obtain “negative” bending angles, which may be
necessary sometimes. The vacuum chamber may then be mounted around the setup.
The sample is broken at helium temperature by turning the course adjustment screw
(E). The fine adjustment screw (F) and the piezo driver (C) can now be used to
adjust the contact size or to bring the junction into the electron tunneling regime.
The differential mechanism depicted in Fig. 2.2ii operates as follows. The supports
(G) and (J) (the support (J) holds the central screw) act as a hinge when a fine screw
(F) is turned. The spring (H) ensures a required ration between displacements of (G)
and (J), and also very continuous movement of the course screw (E) with respect to
the fine screw (F). The piezo-element (C) is formed by ten pieces of PZT5A piezo
material insulated from the main body of the insert by CAPTON foil. This piezo-
driver system has a maximum displacement of about 2.9µm at 300K, dropping to
approximately one-fourth of this value at 4.2K.
2.3 Design of MCB junctions
Figure 2.3a shows a common design of a MCBJ sample made using a metallic filament.
The filament is glued onto a phosphor-bronze bending beam covered with a thin
insulating layer of capton foil, using two small drops of Stycast 2850 FT epoxy. The
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Figure 2.3: Different designs of MCB junctions. (a) The most common design:
a filament is glued onto a bending beam by two drops of Stycast. (b) Modified
design of MCBJ junction where a sample filament is placed onto two pieces of
insulating material or piezo-ceramic separated by ≈0.5 mm. (c) A photograph of
MCB junction where a weak spot was created by etching in a drop of acid or
alkali.
distance between these two anchoring points at the center of the beam is kept as small
as possible. The filament is then cut for about 90% of its diameter and extreme care is
taken to ensure that the notch is as close as possible to the midpoint between the two
gluing points. The modified sample design (Fig. 2.3b) is used if working with metallic
glasses samples or when large regulation range of electrode separation by a piezo-
driver is required. By using two pieces of piezoelectric material instead of ordinary
insulators it is possible to use MCBJ to scan small surface areas of an electrode [13].
For hard materials (W, Cr, Ta) or when small material distortions around a junction
are required, a weak spot was produced not by mechanically notching the filament,
but by etching it in a small drop of acid (Fig. 2.3c).
2.4 Advantages and drawbacks
The main advantage of MCBJ technique arises from the fact that the sample is initially
broken in a cryogenic vacuum at liquid helium temperature, automatically creating
two atomically clean surfaces which remain clean for many days. This simple fact
immediately gives a great advantage as most metals oxidize very fast and consequently
very sophisticated and expensive UHV setups are required to obtain clean surfaces
(even then not all metals are possible to clean e.g., chromium [14]).
A further important advantage comes from the fact that both electrodes are fixed
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Figure 2.4: 1- dI/dV spectrum obtained on atomically flat and clean Cr(001)
surface by STS. 2,3- some dI/dV spectra measured by MCBJ on the single crystal
oriented in the [001] crystallographic direction.
to a massive bending beam with the free hanging parts as small as possible (ensured
by the small distance between the glue droplets). This makes MCBJ insensitive to
mechanical vibrations. The low temperature at which all experiments are performed
ensures high stability from a thermal point of view (room temperature setups are
sensitive to the temperature fluctuations because at room temperatures the thermal
expansion coefficients are much larger than at low temperatures). The described
stability of MCBJ ensures very small drift without any feedback system (≈5pm/h
for conventional design). Moreover, using nanolithography for making break junction
samples one can further increase the stability by one order of magnitude [15].
The main drawback of MCBJ comes from the nature of this technique - the fracture
of a sample material. After the break the electrode surfaces are very rough with a
lot of defects. This fact makes it difficult to work with single crystals. Even though
the crystal can be spark-cut into a bar shape which is suitable for MCBJ technique,
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the crystalline order will be severely affected by the initial breaking and subsequent
indentation. Fig. 2.4 shows the dI/dV curves measured by MCBJ technique on
a chromium single crystal oriented in the < 001 > crystallographic direction and
measured by Scanning Tunneling Spectroscopy on an atomically flat surface. As
one can see, the spectra taken by MCBJ are irreproducible and are not consistent
with true electronic structure of the Cr(001) surface, apparently due to the strong
distortion of the atomic order during the break process.
A very rough interface of MCBJ electrodes and unpredictably distorted surface
electronic structure also makes it difficult to study tunneling through a single molecule
or adsorbate complexes by the MCBJ technique. In Sec. 2.5 we will show how it
is possible to improve MCBJ characteristics by flattening electrodes using a novel
method of surface modification and in Sec. 2.6 we will investigate the thermal effects
in MCBJ electrodes which is one of the physical phenomena involved in the surface
modification. In Sec. 2.7 we will demonstrate that nanoparticles can be created and
confined between electrodes in magnetic MCBJ. Influence on electron tunneling and
physical effects involved will be also presented in Sec. 2.7.
2.5 MCBJ with Quasi-planar Electrodes∗
Mechanically controllable break junctions with nearly flat (at a lateral scale of '
10 nm) electrodes and a greatly reduced number of surface defects were fabricated
using a gentle procedure of surface modification. The modification process occurs at
extremely close separations between the electrodes (' 1.5− 2 A˚) where high electric
fields and surface temperatures can be achieved at relatively low bias voltages. Ex-
perimental details, a possible physical mechanism and applications of the proposed
technique are discussed in this section.
2.5.1 Introduction
Since the invention of scanning tunneling microscopy (STM), repeated attempts have
been made to use the tip-sample interaction as a tool for atom manipulation, creating
nanostructures and controlled modifications of surfaces from the atomic to the meso-
scopic scale [16]. For the majority of cases, voltage pulses with an amplitude from 3 to
10 V and a pulse duration from 10−2 down to 10−6 s have been used. Different types
of holes and mounds, craters and humps, lines and hillocks, grooves and trenches can
be produced in this way on an originally smooth surface. Field desorption and evap-
oration, tip-sample electrical or mechanical contacts, field-enhanced surface diffusion,
and electromigration of atoms have been suggested as possible mechanisms of surface
∗The results presented in this section have been published previously: Mechanically Controllable
Break Junctions with Quasi-Planar electrodes, O.Yu. Kolesnychenko, E. Jurdik, O.I. Shklyarevskii,
and H. van Kempen, J. Vac. Sci. and Technol. B 19 (3), 807-811 (2001).
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modification in these pulsed experiments (cf. [17, 18]). An alternative technique has
been employed [19, 20], which included a prolonged treatment of the surface (from
5 s to 10 min) at relatively large bias voltages (up to 5 V). Here, the role of thermal
effects was dominant since the modification process includes formation of a connec-
tive neck between the electrodes leading to a sharp increase of the current. The local
overheating of the sample surface results in melting and eventual evaporation of the
material.
Our measurements of the MCBJ point-contact spectra intensity (determined by
electron mean free path to contact diameter ratio [21]) for contacts of different diame-
ters proved that the thickness of the most defective part of the electrodes is relatively
small and, depending on the material, ranges from 30 to 100 A˚. Thus, the main idea
behind the proposed surface modification method was to find conditions at which the
imperfect surface layer can be carefully removed and/or locally annealed using appro-
priate bias voltage and tunneling current values while taking advantage of the high
stability of the MCBJ. In a sense, we made an attempt to extend to the nanoscale
the well-known technique of successive sputtering and annealing of the sample surface
in ultra-high vacuum (UHV) which is regarded as one of the most efficient surface
preparation methods.
2.5.2 Surface modification in the tunneling regime
In our experiments we used either the conventional MCBJ (Fig. 2.3a) or a sample
mounting presented in Fig. 2.3b. The latter includes two pieces (5× 3× 1 mm3) of a
shear piezo ceramic (which gives a horizontal displacement of its surface upon applied
voltage) placed underneath the anchoring points. The right piezo (moving in the
plane normal to the picture) was used for a two-dimensional (2D) scan of the electrode
surface, whereas the left one was used for adjusting the ”tip-sample”separation. Also,
the distance between electrodes can be tuned by changing the substrate deflection.
Ni, Fe and Co 250 µm diameter wires (both as fabricated and annealed) were used as
sample materials. The break, modification procedure and subsequent measurements
were performed in both a cryogenic UHV environment and in He exchange gas at 1.2
– 4.2 K.
The relative electrode displacement z was calibrated very accurately using field
emission resonance (FER) measurements as proposed in [22]. From these FER data
we also found that the work function of Ni, Fe and Co was within 4.2± 0.3 eV in the
vast majority of cases. Therefore, one decade of the tunnel current decay corresponds
to a change of 1.1 ± 0.1 A˚ in the distance between the electrodes. This gives an
opportunity to determine z directly from the exponential part of the current-distance
I(z) curve.
Modification process
A bias voltage in the range 1.0 − 1.2 V (1.2 – 1.5 V ) was set for Co (Fe and Ni)
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Figure 2.5: a – c) – three typical stages of the modification process for a Co
MCBJ.
and the electrode separation z was continuously decreased at a rate 1 – 5 A˚/min.
The tunnel current-distance characteristics were taken using an I-V converter with a
measured current limit of 100 µA. The resulting I(z) dependence (Fig. 2.5) can be
divided into three parts corresponding to three different phases of the modification
process, respectively.
At the initial stage an abrupt (jump-like) decrease of the tunnel current occurs
(Fig. 2.5a). This corresponds to a sudden increase of z by 2.5− 3 A˚. It is reasonable
to suggest that this distance increase is related to the removal of adatoms loosely
bound to the electrode surface from the inter-electrode space. The most likely phys-
ical mechanism involved at this stage is field desorption. The critical current (or
rather the critical electric field strength) at which these jumps occur increases rather
fast indicating a reduction in the number of weakly bound atoms. At the second
stage the amplitude of the current jumps decreases (Fig. 2.5b) and corresponds to
a distance change z . 1 A˚. The critical current continues to increase though at a
much slower rate. The estimated local temperature is already high enough to allow
for the rearrangement of atoms at the surface and under-layers. At the final stage
the critical current is almost saturated and current jumps occur more frequently (Fig.
2.5c). However, the changes in z are mostly within 0.1−0.2 A˚. This indicates that the
tunneling area has almost ceased to increase, the field and temperature distributions
are homogeneous and rearrangement occurs already on submesoscopic scale. This
stage can last up to 30 min bringing the total electrode displacement up to the limit
of the piezodriver range (100− 200 A˚). After completing the modification process the
electrodes were retracted from each other at a low speed to avoid quenching of the
material.
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Figure 2.6: Two-dimensional scans of a Ni electrode surface corresponding to
the stages a – c in Fig. 2.5
In some cases a spontaneous avalanche-like transition to the ballistic regime occurs
during the final part of the modification procedure. If the power supply current was
not limited this resulted in a “spot-welded,” low-ohmic (' 0.1 − 1.0 Ohm) point-
contact. Electrodes could not be retracted by the piezodriver and only after applying
coarse mechanical forces to the center of the bending beam a new “break” occurred.
2.5.3 Surface control
Two dimensional scans
The modification process was monitored by taking 2D-scans of the electrode surfaces.
The upper panel in Fig. 2.6a shows a typical Ni electrode profile before the mod-
ification procedure. Here, the calculated root-mean-square (rms) surface roughness
w ' 10.4 A˚. The middle panel is related to phase two and demonstrates a smoother
profile with all “sharp” features (which can be attributed to individual adatoms) re-
moved. However the rms roughness still remains rather large (w ' 3.1 A˚). A 2D-scan
of the modified electrode surface presented in the lower panel shows that the elec-
trode surface is nearly flat at a lateral scale of ' 100 A˚. The rms surface roughness is
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Figure 2.7: Transition from the tunnel to ballistic regime for a Ni MCBJ (curve
1) and the same junction with ”flattened”electrode surfaces (curve 2). Inset:
point-contact conductance for the same junctions.
approximately 15 times smaller than for the unmodified surface (w ' 0.06−0.07nm).
It should be noted that a 2D scan is a “convolution” of both electrodes. Thus,
imaging can not indicate whether both electrodes are flat or one of them (depending
on the polarity) still remains “sharp.”
Transition to the direct contact
To check the bluntness of the electrodes we have measured contact resistance vs
electrode displacement curves R(z) at a bias voltage reduced to 5 mV. The first curve
in Fig. 2.7 shows the transition from the tunneling to the ballistic regime for Ni MCBJ
before the modification procedure. A jump from the tunnel junction to the ballistic
contact occurs at R = 30 kOhm. The conductance of a one-atom point contact for Ni,
Fe and Co is usually close to 1.5 G0, where G0 = 2e
2/h is the quantum conductance
unit (1/G0 ≈ 13 kOhm). In the direct conductivity regime R(z) shows well-defined
steps corresponding to rearrangement of the atoms due to plastic deformation of the
Ni electrodes. Normally it takes 30 − 50 A˚ of the electrodes relative displacement
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Figure 2.8: Tunnel spectra of a Co MCBJ before (curve 1) and after (curve 2)
the modification procedure.
to reach a point-contact with a resistance 50− 100 Ohm and an estimated diameter
50 − 100 A˚. A similar R(z) dependence for a Ni junction with modified electrode
surfaces (curve 2) shows a discontinuity at R ' 3.5 kOhm and a transition to the
point-contact with a conductivity ' 8G0 (≈ 1.5 kOhm). Thereafter, R decreases
nearly exponentially with the distance and reaches a 50 Ohm point-contact within
4 A˚. Fig. 2.7 is in good agreement with the surface roughness estimations and proves
that both electrodes are equally flat. We found that reversing the bias polarity during
the modification process does not change the result noticeably. Assuming elastic
deformation only, a simple estimation of the point-contact conductance vs relative
displacement of the electrodes with profiles resembling those from Figs. 2.6(a) and
3(c) exhibits similar behavior.
Characterization by field emission resonance measurements
An independent confirmation of the quasi-planar electrode geometry can also be ob-
tained from measurements in the field-emission range of bias voltages. Experimental
distance-voltage z(Vb) dependences taken in constant current mode are almost linear
up to V = 30− 35 V and independent of the junction polarity. According to calcu-
lated z(Vb) curves for tips of different radii of curvature [23, 24] our data correspond
to very blunt electrodes with a “radius” of a few thousand A˚.
2.5 MCBJ with Quasi-planar Electrodes 19
Tunnel contact spectroscopy
The quality of the surface (concentration of the surface and bulk defects) can be
checked by means of tunnel and point-contact spectroscopy. The tunnel spectra
(dI/dV (Vb) dependences) for freshly broken Co junctions are usually asymmetric
with respect to the polarity and display a great variety of features in the energy range
±1 eV related to the anomalies in the local density of states induced by the surface
defects (Fig. 2.8, curve 1). Tunnel spectra of a modified Co surface (Fig. 2.8, curve
2) display a nearly symmetric behavior with no sharp singularities.
Point contact spectroscopy
Fig. 2.9 shows point-contact spectra d2V/dI2(Vb) of two 50 Ohm Co contacts taken
before and after the surface modification procedure. The initial curve shows all the
characteristic features of the so-called diffusive regime when elastic electron mean
free path λ is considerably smaller than the contact diameter d: a high background
level, a low intensity and smeared peaks in the electron-phonon interaction (EPI)
spectrum. Removal of the most distorted layer from the electrode surface results in a
pronounced rise of λ/d ratio and a substantial intensity increase of the EPI spectrum.
The resulting spectrum displays clearly resolved peaks and a fairly low background
level (in ferromagnetic materials an additional contribution to the background from
electron-magnon interaction is expected). An approximate estimate [21] shows an
increase in λ by a factor 5− 10.
2.5.4 Discussion of physical effects involved
The method of surface modification and fabrication of tunnel junctions with quasi-
planar electrodes was developed to a great extent in a semi-empirical way by adjusting
the experimental parameters. The main distinction of the proposed approach and
already developed techniques is that the modification process occurs at extremely
small distances where both thermal and field effects might play a key role. Thorough
analysis of the physical effects involved is under way. Here, the discussion is restricted
to the most important points.
Thermal
The high current values result in a power dissipation up to 10−4 W in the tunnel
junction. This value exceeds that of the conventional STM regime by 5− 6 orders of
magnitude. In ferromagnets the energy dissipation process occurs not only through
electron-phonon scattering [25] or electron-hole pair creation [26] but most effectively
through electron-magnon interaction (below the Curie temperature). The latter effect
results in an extremely small inelastic electron mean free path of conducting electrons
λ [27] and an overheating of the sample surface. A rough estimate of the temper-
ature using the formula suggested in [25, 26] ∆T = I · Vb/4piκsλ, where κs is the
surface thermal conductivity (which can be considerably smaller than the bulk value
of κ) shows that the electrode surface can easily be overheated by a few hundred K.
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Figure 2.9: Point-contact spectra of a Co MCBJ before (curve 1) and after (curve
2) the modification procedure.
Moreover, the temperature of both electrodes (regardless of the bias polarity) can
be assumed to be practically the same due to the proximity effect in the radiation
heat transfer [28]. Most surprisingly, we did not observe spontaneous avalanche-like
formation of a connective neck. This effect is typical for the other materials tested
(Ag, Au, Al, Pt, Pb and W) at similar electrode separations and bias voltages. The
fact that the modification procedure can be completed also in He exchange gas, but at
higher current values, gives additional evidence that heating of the electrode surface
is an important condition for the modification process to take place.
Electric field
At the same time for a vacuum gap of 2 − 3 A˚ , the electric field strength in our
experiments reaches 0.5−0.7 V/A˚. These values are characteristic for the field emission
regime of the junction conductivity whereas the bias applied (1−1.5 V) is significantly
less than the potential barrier height (4.5 eV). Also, the existence of the bias voltage
threshold for the modification process (0.8 − 0.9 V) suggests that the role of the
electric field is dominant. Though the threshold fields for field desorption and field
evaporation at distances below 5 A˚ are decreased to ' 1.0 V/A˚ due to the image
potential [29], the field desorption of the weakly bound atoms occurs probably only
at the initial stage of the modification process. Increasing Vb to 2.0 − 3.0 V results
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in abrupt resistance jumps at z = 2− 3 A˚ (where the electric field strength starts to
exceed 1−1.5 V/A˚) corresponding to an increase in the electrode separation up to 10−
100 A˚. We believe that this effect results from field evaporation of a substantial amount
of material (similar to the pulsed techniques). It should be emphasized especially that
in the latter case no transition to the ballistic contact at a time scale up to 10 µs was
observed and, therefore, thermal evaporation of material can be ruled out.
2.5.5 Conclusions
It follows that the most probable physical mechanism behind the proposed modifi-
cation process is temperature- and field-enhanced surface diffusion. As the field and
the temperature reach their maximum values at asperity, diffusion occurs towards
the cold electrode areas with smaller field strengths resulting in “flattening” of the
surface. This is in sharp contrast to other materials such as Au where the direction
of diffusion is opposite [30]. It has been shown [31] that a W tip can be blunted using
this process at the intermediate stage of the preparation procedure when placed at a
distance of 13 A˚ from the Si(100) − 2 × 1 surface at an applied bias voltage 10 V.
Similarly to our technique this process results in an increase of the distance between
the tip and the sample. This increase stops when the field strength is lower than
0.3− 0.5 V/A˚.
In summary, we have suggested and demonstrated a new type of nanoscale surface
modification process. At extremely small electrode separations the high electric field
strength (being still insufficient for field evaporation of the material) and elevated
surface temperature are stimulating the surface diffusion process. This results in a
considerable reduction of the surface roughness and density of the structural defects.
In spite of the nearly complete loss of spatial resolution such junctions offer certain
advantages over conventional MCBJ especially in the spectroscopic applications. This
includes tunneling spectroscopy of adsorbates including large organic molecules. In
both cases integration over an area of mesoscopic size provides more reproducible data.
Quasi-planar electrodes are also preferable for FER measurements. More detailed
analysis and theoretical efforts are needed to elucidate further the mechanisms behind
the proposed modification scheme.
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2.6 Thermal expansion of MCBJ electrodes in the
tunneling regime†
The thermal expansion dynamics of W, Pt-Ir and Au mechanically controllable break
junction electrodes was studied in the millisecond range. By measuring a transient
tunnel current as a function of time we found that at low temperatures the elec-
trode elongation ∆s ∼ t1/2 due to the large values of thermal diffusivity of metals.
The magnitude of ∆s varies in direct proportion to the power P dissipated in the
electrodes.
2.6.1 Introduction
Under standard operational conditions of the scanning tunneling microscope (STM),
the power dissipated in electrodes does not exceed 10−9 − 10−10 W . Consequently
the estimated increase in the temperature of the tip and at the surface of a metallic
sample is less than 0.001 K [25, 26] and therefore in this case the thermal expansion
of the electrodes can be completely neglected.
It was shown, however, that the tip thermal expansion is a critical part in laser-
assisted STM techniques for nanostructuring of surfaces [32, 33, 34] and in conven-
tional surface modification experiments when a pulsed voltage with an amplitude up
to a few volts is applied across the tunnel gap [35]. However in the latter case this
effect is either totally or partially disguised by the number of different phenomena
involved in the process: field desorption or evaporation, sublimation of atoms induced
by tunneling electrons, field induced surface diffusion etc [16]. These are the main
reasons why experimental data on STM tip thermal expansion and its dynamics are
not available. Moreover, in the light of recent attempts to study nonlinear effects in
conductance of nanocontacts at high bias voltages [36], it has become clear that the
thermal elongation (contraction) of electrodes in the process of the contact formation
or forced break might significantly influence experimental results.
Here, we present results on electrode thermal expansion dynamics obtained with
a mechanically controllable break junction (MCBJ) technique at low temperatures.
All measurements were done at small electrode separations of 2.0 – 4.0 A˚ and rel-
atively low bias voltages to avoid field-associated effects. Though related mainly to
nanostructuring experiments performed with this specific type of tunnel device [37]
they will hopefully be found useful for alternative nanoscale modification techniques.
†The results presented in this section have been published previously: Millisecond dynamics of
thermal expansion of mechanically controllable break junction electrodes studied in tunneling regime,
O.Yu. Kolesnychenko, A.J. Toonen, O.I. Shklyarevskii, and H. van Kempen, Appl. Phys. Lett. 79,
2707 (2001).
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2.6.2 Experimental
In our experiments we have used a traditional sample design (see Fig. 2.3a). The
selection of wire materials included W, Pt-Ir alloy (the most common materials for
STM tips) and Au (used often in the surface modification experiments). The ductile
material wires were cut at the midpoint of the glued section for about 80-90% of
its diameter by producing either a circular or triangular notch. Brittle tungsten
wire was electro-chemically etched leaving a ∼ 10 µm thick neck (see Fig. 2.3d).
After mounting in a setup and cooling, the sample was broken at 4.2 K in a high
vacuum environment. In this way MCBJ simulates tunneling between two blunt
“tips”. Under equilibrium temperature distribution in the cryostat the drift of MCBJ
tunnel resistance was less than 0.25% in 10 min which corresponds to a variation in
electrode separation ≈ 0.5 pm and is sufficient for accurate measurements of electrode
elongation on a picometer scale.
Relative electrode displacement ∆s was calibrated with high precision using field
emission resonance (FER) measurements [22]. At the same time FER data show that
the work function φ of Au and Pt-Ir for nearly all contacts was 5.2 ± 0.35 eV whereas
for W in a vast majority of cases φ was within 4.2 ± 0.3 eV . Thus, one decade of the
tunnel current decay corresponds to a 0.95 ± 0.1 A˚ and 1.1 ± 0.1 A˚ increase in the
distance between electrodes respectively.
Measuring the thermal expansion
The thermal expansion of electrodes in the tunneling regime can be observed in a
restricted range of electrode separation. The onset of the effect became detectable
only at P ≥ 0.3 µW . At a bias voltage Vb = 1 V it corresponds to a junction
resistance RT ≈ 3.3 MOhm and to a distance between electrodes of 3.5 – 4.0 A˚.
The lower limit of electrode separation 2.0 – 2.5 A˚ (RT ≈ 50 – 200 kOhm) where the
thermal expansion still can be studied experimentally is determined by a spontaneous
jump-like transition to the ballistic contact due to metallic adhesion forces (for all
metals except W).
The I(s) curve recorded at Vb ≤ 100 mV for the Pt-Ir MCBJ shows a perfect
exponential behavior until the transition to one-atom point-contact while at Vb = 1.0
V it is bent upward starting from I ≥ 1µA due to an additional reduction of the
tunneling gap caused by electrode thermal expansion (Fig. 2.10). Decreasing s at a
slow rate (∼ 0.5 pm/sec) in order to keep the system in a quasi-equilibrium state it is
possible to estimate the electrode elongation ∆s from the difference ∆I between the
measured and extrapolated (dashed line) current values.
Dynamics of electrodes elongation
In order to investigate the dynamics of the “tip” thermal elongation we used voltage
pulses of 900 mV superimposed on an offset bias voltage of 100 mV to increase
the dissipated power 100 times. At large electrode separation the I – V converter
output signal is reproducing the applied rectangular voltage pulse (left panel in Fig.
2.11). As the distance between the electrodes decreases the tunnel current becomes
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Figure 2.10: Deviation of I(s) dependence from expected exponential behavior
(dashed line) at small separation for Pt-Ir MCBJ. The elongation of electrodes
∆s increases linearly with power dissipated until the critical value Pc is reached
or a jump-like transition to direct conductivity occurs. Inset: ∆s(P ) dependences
for W MCBJ recorded at different electrode separations.
time dependent indicating the diminishing electrode separation (central panel in Fig.
2.11). Thermal expansion results in an additional increase of tunnel current which in
turn causes a smaller tunneling gap etc. Below a certain critical value of dissipated
power Pc this process is convergent and ∆s(t) saturates. The electrode elongation
increases linearly with power dissipated in the junction for P < Pc as presented
in the inset to Fig. 2.10 for the tungsten MCBJ. In spite of the different physical
mechanisms causing heating of “emitting” and “sample” electrodes [35], the final
temperature distribution and electrode thermal expansion appears not to depend on
bias polarity. It can be explained by the symmetry of the tunneling device, but the
temperature at the interface can be also equalized rapidly due to the proximity effect
in the radiation heat transfer [28].
Above Pc the process becomes divergent and is supposed to take on, eventually, an
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Figure 2.11: Time resolved dependences of tunnel current below the critical
power for W MCBJ (left and central panels). ”Avalanche”transition to the point-
contact (right panel).
“avalanche-like” character. However, this effect is usually obscured by a spontaneous
jump to one-atom contact due to metallic adhesion forces. In the case of an excep-
tionally stable W MCBJ the transition to ballistic contact due to thermal expansion
of electrodes still occurs at the millisecond scale (right panel in Fig. 2.11)
The time dependence of W MCBJ electrode thermal expansion is presented in Fig.
2.12. The logarithmic plot (upper panel) shows that practically no effect is observed
on the time scale up to a few hundred microseconds and at the early stage (up to 20 –
100 ms depending on electrode shape and material) ∆s is proportional to the square
root of the time elapsed after the voltage pulse onset (lower panel).
2.6.3 Discussion
Let us estimate the thermal expansion dynamics of MCBJ electrodes within a very
simple model suggested in Ref.[35]. The thermal expansion of the electrodes depends
quite strongly on the shape of the electrodes. For purposes of estimation we model
the unglued part of the electrode as a cylinder of radius R and length S/2. In a case
of one-dimensional heat transfer (electron transmission occurs from the plane to the
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electrode) temperature increase ∆T can be estimated: [35].
∆T (t) =
I Vb t
C(T ) ρ Vheat
=
I Vb t
C(T ) ρ
1
pi R2Lheat
, (2.1)
where C(T ) is the specific heat, ρ is the density, and Lheat = (χ(T )t)
1/2 is the heating
length where χ(T ) is the thermal diffusivity.
The increase in the electrode length ∆s is
∆s(t) = α(T ) ∆T (t)Lheat =
α I Vb t
C(T ) ρ
(χ(T ) t)1/2
pi R2 (χ(T ) t)1/2
∼ t, (2.2)
where α(T ) is the coefficient of linear expansion.
This result is in apparent disagreement with experimentally observed ∆z ∼ t1/2
dependence of the electrode thermal expansion. However, at temperatures below 20
K the thermal diffusivity χ of metals is a few orders of magnitude higher than at room
temperature because of larger thermal conductivity and very low specific heat C(T )
(e.g. for tungsten χ10 K ≈ 104 cm2/s whereas χ300 K ≈ 0.7 cm2/s). Therefore the
heating length L = (χt)1/2 becomes equal to the length of the unglued part of the
electrode S/2 = 150 – 200 µm already after a very short initial period of time tini =
100 – 200 ns. However, we only can substitute Lheat = S/2 in the expression for ∆s(t)
(Eq. 2.2) but not for ∆T (t) (Eq. 2.1) since the unglued part of the electrodes is not
thermally insulated. These simple arguments immediately lead to the experimentally
observed square root time dependence of the electrode elongation at t ≥ tini:
∆s =
I Vb S α(T )
2pi ρC(T )R2 χ(T )1/2
· t1/2, (2.3)
It should be emphasized that in spite of the strong temperature dependence of
α(T ) and C(T ) the α(T )/C(T ) ratio does not change considerably in the temperature
interval 5 – 15 K (estimated overheating of the bulk part of the electrodes does not
exceed 8 – 10 K).
Assuming that our W electrode is a cylinder of 5 µm radius and that the dissipated
power is equal to 10−5 W we found that the time required for a 10 pm elongation is
about 100-150 ms. This is in reasonably good agreement with our data, taking into
consideration a very strong dependence on the radius. Estimation for very sharp STM
tips shows that even in this case low temperature dynamics of thermal expansion does
not change noticeably as the characteristic time for closing the 2 – 3 A˚ vacuum gap
ranges from 10 to 100 µs while the heating length can be assumed constant after
tini . 1 µs leading again to ∆s ∼ t1/2 dependence.
The lower panel in Fig. 2.12 shows that ∆s is also proportional to t1/2 in the
interval from ∼ 300 ms and up to 4 – 5 sec. This part of the curve corresponds
to a much slower heating rate of the unglued part of the electrode due to the heat
dissipation via electrical leads and the anchoring point to the massive bending beam.
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Figure 2.12: Logarithmic plot of ∆s(t) (upper panel) and ∆s(t1/2) dependence
(lower panel).
2.6.4 Conclusions
We have observed MCBJ electrode thermal expansion dynamics in the tunneling
regime at low temperatures. The time scale of the process is determined by the
large values of thermal diffusivity for metals below 20 K and strongly depends on the
electrode shape. Thus in the surface nanostructuring experiments with MCBJ at low
temperatures the tip thermal expansion must be taken into account only at long pulse
duration. Moreover, below the critical value of dissipated power Pc the equilibrium
situation can be achieved. The smallness of both the energy deposition region and
the surface thermal conductivity results in an overheating of the electrode surface
up to few hundred degrees [25, 26]. Annealing of the structural defects introduced
by the low temperature break significantly improves the quality of electrode surface
and therefore the tunnel and point-contact characteristics of MCBJ [37]. At small
separations the distance between electrodes remains the critical parameter as even a
28 Mechanically Controllable Break Junctions
moderate electrode elongation increases an electric field strength and is able to trigger
field related modification mechanisms.
2.7 Magnetic nanoparticles between electrodes of
tunnel junction: anomalous tunnel conductance‡
Magnetic particles of microscopic size can be created in the process of Ni, Fe or
Co Mechanically Controllable Break Junctions fabrication and trapped between the
electrodes by magnetic dipole forces. Tunneling between protruding nanoparticle and
sample electrode shows clear distinctions from the usual junctions: heavy deviation
of the current-distance I(z) dependence from the expected exponential behavior at
separations z below 4.0 – 4.5 A˚ and on numerous occasions a sudden jump-like
decrease of the tunnel current occurs at z ≈ 1.5 − 2.0 A˚. Possible mechanisms
behind observed anomalies including the short-range magnetic exchange coupling are
discussed.
2.7.1 Introduction
At standard scanning tunneling microscopy (STM) tip-sample separations the tun-
nel current can be well described by the Tersoff and Hamann independent electrode
approach [38]. However, at smaller spacings electrodes can no longer be treated in-
dependently due to an increasing overlap of the wave functions. The influence of
electrode interaction on electronic structure of materials and eventually on the possi-
bility to achieve atomic resolution is one of the most long-standing problems in STM
and is not yet understood adequately. That is why studies of the transition from tun-
neling to the ballistic regime of conductivity have drawn considerable attention since
the first experiments of Gimzewski and Mo¨ller [39]. For junctions with ferromag-
netic electrodes this issue is of particular interest because of additional phenomena
involved:
(i) The short range interaction between electronic states of atoms with a perma-
nent magnetic moment. The forces associated with an exchange coupling are one
order of magnitude smaller than metallic adhesion forces and are probably insuffi-
cient to produce any detectable effect on the electrode surfaces. At the same time the
interaction between ferromagnetic electrodes causes perceptible changes in the local
density of states (LDOS) around the Fermi level and therefore, affects the tunnel
current-distance dependence [40].
‡The results presented in this section have been published previously: Magnetic nanoparticles
between electrodes of tunnel junction: anomalous tunnel conductance, O.Yu. Kolesnychenko, Donats
Erts, O.I. Shklyarevskii, H˚akan Olin, and H. van Kempen, Physica B, in press.
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(ii) The distance dependence of spin-polarized tunneling. The thickness of the
tunnel barrier can influence the degree of tunneling spin polarization and hence results
in a deviation of the junction resistance from the simple exponential decrease with
diminution of electrode separation [41].
The inherent rigidness and high stability features of the mechanically control-
lable break junctions (MCBJ) technique (see sec. 2.1) permits precise and highly
reproducible measurements of the tunnel current-distance dependences I(z) and an
accurate tunneling spectroscopy of LDOS in a wide range of electrode separations
including distances at which the short-range forces, stemming from the overlapping
of electron densities, become of crucial significance.
Earlier the observation of metallic adhesion forces influence on I(z) curves (at z <
3 A˚) for Pt as well as a corrugation enhancement in the 6 to 3 A˚ range for Al and Au
MCBJ have been reported [8]. Here, we are presenting results of similar experiments
for ferromagnetic materials with particular emphasis on the intermediate (2-5 A˚)
range of electrode separation. We found that for common tunnel junctions there is
not much difference between I(z) dependences for Ni, Fe, Co and non-magnetic 3d−
Pt and Pd. At the same time a part of the characteristics show anomalous behavior
which we could explain by the presence of small magnetic particles produced in the
process of the breaking and trapped between the electrodes. This has also been verified
by Transmission Electron Microscopy (TEM) observations. Since the electronic and
magnetic properties of metallic nanoparticles are currently yet another intriguing
subject of STM research, we conducted a more extensive investigation of such tunnel
systems.
2.7.2 Results (nanoparticles)
In these experiments we used the conventional sample mounting (Fig. 2.3a) described
in Sec. 2.1. For ferromagnetic materials special precautions must be taken to keep the
produced notch free of magnetic sawdust (particles of cut metal and broken fragments
of the steel razor blade we sometimes used for notching). It can be completely dis-
lodged with a brush and/or high-pressure blast of air. As a sample material we used
250 µm diameter Ni, Fe or Co wires of 99.996% purity (as manufactured) chemically
etched for a short time to remove the surface contaminations. The notch depth did
not exceed 80% leaving 40 – 60 µm of the wire material intact.
All measurements were done at 4.2 K or 1.2 K under a stable temperature dis-
tribution in the insert and not before 5 – 6 hours after the break to insure that the
surface of the electrodes was relaxed [42]. To calibrate the distance between electrodes
the field emission resonance (FER) spectra were measured in the Fowler-Nordheim
region [22]. We found that the vast majority of measurements yielded work function
φ values for Ni, Fe and Co rather close to the literature value [43] in the range 4.3
± 0.3 eV . Therefore one can use the simple formula for one-dimensional tunneling
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IT =∝ V exp
(−2z/~√2mφ) which gives us z = 1.1 ± 0.1 A˚ per decade of tunnel
current and is in a good agreement with calibration constants derived from the FER
spectra. In accordance with [22] we placed the distance scale in such a way that a
separation of 2 A˚ corresponds to a contact resistance of approximately 100 kOhm.
The estimated error in the determination of the absolute vacuum gap with such a
method is about ± 0.25 A˚.
Creation of nanoparticles
We found that the break of the non-annealed brittle wires almost inevitably resulted in
chipping off of small particles of material. These particles remain confined within the
break area attached to one of the electrodes because of magnetic dipole interaction.
Since the wires were magnetized along their axis, the splinters are aligned along
the magnetic force lines trying to bridge the gap between electrodes. Therefore, the
probability that the distance between micro-particle(s) and the opposite electrode will
be the shortest one is very high. The size of the particles ranges from a few microns
(they can be easily observed with a standard optical microscope) to 10 – 30 nm. In
the latter case the images of nanoparticle can be obtained with the combination of
STM used for break-junction fabrication and transmission electron microscope (TEM)
[44, 45, 46, 47]. A typical TEM image is presented in Fig. 2.13. Indications of the
occurrence of even smaller particles ∼ 1-3 nm are mostly circumstantial and cannot
be confirmed independently as their size is beyond the TEM resolution, which in
the case of ferromagnetic materials is limited by the stray fields of the sample. The
stability of a MCBJ with a magnetic nanoparticle trapped between the electrodes
remains high and I(z) curves can be reproduced very accurately.
As a rule, the break of Ni, Fe and Co well annealed (900 – 1000 C for 36 –
48 hours), ductile and deeply notched 50µm wires did not result in the creation
of nanoparticles. (Hereafter we will refer to the particle-free junctions as “usual”
ones). On the other hand there is numerous evidence that magnetic particles emerge
even on the surface of clean electrodes as a result of “cold work” in the process of
measurement when electrodes were repeatedly brought together in a direct contact.
It is likely that the phenomenon of creating small particles during the break process
is more common and not restricted by ferromagnetic materials. However, as small as
they are, these particles are unable to stay within the contact area only due to the
short-range metallic adhesion and Van der Waals forces.
Current-distance characteristics of MCBJ with nanoparticles
The data reported below are based on the careful analyses of a few hundreds of I(z)
dependences which were converted for more clear presentation to plots of the tunnel
resistance vs electrode separation RT (z). Only those features, which were reproduced
repeatedly for all materials and different samples are presented.
The set of most frequently encountered RT (z) curves for the usual Ni MCBJ made
from well-annealed 50 µm wire is presented in Fig. 2.14. The perfect exponential be-
havior over 5 orders of junction resistance (curve 1) is typical for the majority of RT (z)
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Figure 2.13: TEM images of Ni nanoparticles (indicated by an arrow) trapped
by magnetic forces between electrodes of MCBJ.
dependencies. Approximately 3 to 5% of all curves are bent upward demonstrating
stronger than exponential behavior (curve 2) [8, 48] below 1 MOhm or ∼ 3 A˚. At
these separations the attractive metallic adhesion forces between the foremost atoms
are reaching a maximum and are pulling these atoms out of equilibrium position thus
reducing the vacuum gap width. The relatively small percentage of such curves can
be explained by the fact that adhesion forces are mostly pronounced in a “flat surface
– tip” configuration which is not common for MCBJ with rather irregular surface
relief.
A comparatively high percentage of RT (z) dependencies are bent downward start-
ing from RT ≤ 10 MOhm (or electrode separations of 4.0 – 4.5 A˚) which means that
the junction resistance decreases more slowly than expected (curve 3). This type of
behavior is less frequent for non-magnetic materials and usually was explained by
the following reasons. When the normal axis of the tunneling area on the “blunt”
electrode surface does not coincide with the shortest distance to the foremost atom
of the more sharp electrode the site with the shortest distance changes as the tip
is moved. This means that a surface scan is partially incorporated into the RT (z)
curves (e.g. the tip is sliding along the slope at the surface of the opposite electrode
when approaching it [42]). On very rare occasions the RT (z) dependence combined
an initial downward bending with following upward bending (curve 4).
RT (z) characteristics of MCBJ with incorporated magnetic particles show two
major differences from the usual ones. The first distinguishing feature is the heavy
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Figure 2.14: The set of most common R(z) dependences for usual Ni MCBJ (see
text).
downward bending for the most part of RT (z) curves (Fig. 2.15). The relative number
of “anomalous” curves and the magnitude of effect appear to increase in the succession
Ni, Fe, Co.
2.7.3 Discussion (downward bending)
We discuss several possible reasons for this type of behavior.
(i)Topological reasons: For this we need to assume that the surface relief of
particles is significantly different from that of usual electrodes which is unlikely. The
main objection against this assumption is that deviation from exponential behavior
always starts at approximately the same electrode separation whereas the irregular-
ities of the surface relief are liable to cause such deviation at any distances as was
observed in Ref.[49].
(ii) Nanoparticle resistance in series: Depending on particle size and the
surface relief the electrical resistance of point contact(s) between the host electrode
and the magnetic particle could range from a few Ohm to 2 – 3 kOhm. In the
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Figure 2.15: Deviation of R(z) curves from exponential behavior for MCBJ con-
taining magnetic particles: 1. - Ni; 2. - Fe; 3. - Co.
latter case the RT (z) dependence would deviate from exponential behavior, but this
deviation becomes pronounced only at RT . 50 kOhm.
(iii) Spin-polarized tunneling: Distance dependence of the spin-polarized tun-
neling was reported by Alvarado [41]. However, the expected magnitude of the effect
is at least a few times less than observed.
(iv) Tunnel barrier height variations: One of the reasons for the observed
RT (z) curves behavior can be a variation of the potential barrier height with electrode
separation. The calculations for Al [50] give nearly the correct magnitude of the effect
(though at somewhat closer distances) but experimentally it never was observed with
MCBJ technique for normal metals including Al.
(v) Density of state effects: The RT (z) dependence downward bending can
be explained by a gradual decrease of the local density of states at the Fermi level
as electrodes are approaching each other[40, 51]. Calculations for an Fe tip demon-
strated that as z decreases the states above and below εF are gradually shifting to
the top and the bottom of the band inducing a strong hole in the middle of the apex
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LDOS. To check this suggestion qualitatively we performed tunneling spectroscopy
at different separations between the electrodes. Comparing the intensity of tunnel
spectra around zero bias (after the usual normalizing procedure (dI/dV )/(I/V )) at
different separations we found that the relative intensity drops as the distance be-
tween electrodes decreases. However the magnitude of the effect does not exceed 15
– 30% for the smallest separations (about 2 A˚) we were able to achieve. On the other
hand it is not clear if the straightforward normalizing procedure of tunnel spectra is
still valid at small separations for non-exponential I(z) dependence. In addition, for
reasons which will be described later we were not able to measure tunnel spectra of
the smallest particles at close distances and/or high voltage bias.
The conclusion of those implies that none of the mentioned reasons can be alone
responsible for the observed effect. Only (i) and probably (ii) can be ruled out as
possible explanations whereas (iii), (iv) and (v) can never be excluded from consid-
eration completely. The fact that the “negative” bending is characteristic only for
MCBJ containing magnetic nanoparticles and takes place exactly at the range where
short range interaction is expected suggests a possible connection of these phenomena.
Since the electronic properties of nanoparticles are supposed to be more sensitive to
the different types of interactions than bulk electrodes it is not improper to suggest
that the LDOS of small particles can be modified more drastically. The gradual de-
veloping of a “quasi-gap” in the LDOS around εF in small particles (and thus the
reduction of the tunnel current at small electrode separation) can be regarded as the
most probable explanation for the observed effect.
2.7.4 Results (“jumps” at ultra short distances)
The second distinguishing feature reported here is an abrupt increase of the tunnel
resistance by a factor ranging from 2 to 20 at electrode separations between 1.5 - 2.0
A˚ (Fig. 2.16). Usually from one to three – five such singularities were observed (Fig.
2.16a) but in some cases sequences of 20-30 jumps were recorded ( Fig. 2.16b). In
the latter case the RT (z) curve for Ni MCBJ shows some periodicity and the average
increase in the distance between electrodes (∼ 1.4 A˚ ) is close to the distance between
neighboring atomic planes in the Ni lattice. The overall picture bears a striking
resemblance to the slip-stick motion data recorded with atomic force or friction force
microscopy (see e.g. [52]). This behavior might be explained by a sudden backward
motion of the magnetic nanoparticle which is sliding back along the surface of the host
electrode when repulsive forces are starting to outweigh the friction forces between
the particle and host electrode. Very rough estimates of friction forces for magnetic
particles with a typical dimension 20 - 50 nm based on the assumption that the
load force is determined by magnetic dipole interaction and the friction coefficient
(depending on the surface roughness) is in the range 0.1-0.3 yields ∼ 10 −6 - 10 −8 N.
An attempt to observe the fine details of the nanoparticle motion using TEM
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Figure 2.16: Jump-like behavior of R(z) at close electrode separation for MCBJ
involving nanoparticle: a) - Fe and Co tunnel junction; b) - Ni MCBJ. All curves
were recorded at bias voltage of 10 mV .
did not yet bring a desirable result chiefly because of non-sufficient resolution and
probably due to the contamination of the electrode’s surface in a moderate (10−5
Torr) vacuum.
2.7.5 Discussion (“jumps” at ultra short distances)
In our case the following forces must be taken into consideration: the long-range
attractive Van der Waals and magnetic dipolar forces, short-range metallic adhesion
and magnetic exchange forces. However, the contribution of the Van der Waals forces
in the electrodes interaction at intermediate distances ≈ 2-5 A˚ is negligible [53] and
the scale of its variation is much larger than the atomic scale. The same considerations
fully apply to the magnetic dipole forces.
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Figure 2.17: R(z) dependence for Fe MCBJ containing small magnetic particle
at elevated bias voltage Vb = 1100 mV .
Metallic adhesion forces are attractive though our experimental data clearly show
that adhesion forces between ferromagnetic nanoparticle and bulk electrode are sup-
pressed. Transition to the one-atom point contact occurs at distances 0.2 – 0.4
A˚ smaller than for usual Ni, Fe and Co MCBJ.
Magnetic exchange forces in the case of the antiparallel orientation of magnetic
moments are repulsive and therefore, are the only possible candidate. Their estimated
magnitude (∼ 10−9 N) [40, 54, 55] is at least one order of magnitude to small to be
accountable for the backward motion of nanoparticles. However, this explanation
might still be plausible in the case of tiny clusters of a few tens of atoms.
Searching for alternative reasons for this effect we paid attention to the fact that
the jumps in tunnel resistance were never observed when measured in exchange He
gas or directly in liquid He bath. One of the possible explanations is that adsorbed
He modifies the electronic structure of metals [10] and therefore the overall picture
of electrode interaction. On the other hand He changes the heat transfer conditions
from the magnetic particle to the host electrode even more drastically.
In our experiment the bias voltage Vb was in the range of 1 to 10 mV and the
tunnel current corresponding to the onset of resistance jumps changes from 10 to 100
nA. The estimated overheating of the electrode surface ∆TS ∼ I Vb/[2piλKS ] where
KS is the surface thermal conductivity and λ is the elastic mean free path for electrons
[25, 26]. For the bulk electrodes ∆TS is less than 10
−3 K. In the extreme case of
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Figure 2.18: R(z) dependence for usual Co MCBJ (without magnetic particles
between electrodes). The abrupt jumps of decreasing amplitude in junction resis-
tance related at initial step to the field desorption of weakly bound adatom and
then to the field induced diffusion of the surface atoms [37].
a thermally insulated magnetic particle (simulated for the purpose of estimations by
a 50 nm long and 20 nm diameter cylinder) it will be overheated well over 1000 K
in a matter of a nanoseconds [35]. In an actual situation the temperature increase is
determined by the thermal resistance between the nanoparticle and the host electrode.
The latter depends on numerous factors including number and Sharvin diameter dS
of point-contacts on the particle-electrode interface (as the thermal conductivity of
point-contacts depends on the λ/dS ratio [56]). This makes estimations of heat flux
and temperature of the nanoparticle extremely inaccurate.
We found that at elevated bias voltages the periodic resistance jumps occur nearly
for nearly all junctions with heavily bent RT (z) characteristics. A typical example
of RT (z) dependence is presented in Fig. 2.17 for Fe MCBJ. At Vb > 1.0V the
transition to the point contact never occurs within the distance range we are able to
cover with the piezodriver (10-20 nm).
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For usual Ni, Fe and Co MCBJ resistance jumps of gradually decreasing amplitude
were observed at Vb = >1.0 V (Fig. 2.18), but for a smaller electrode separation.
In this case the main reasons for the abrupt changes in the tunnel current are field
desorption and field-induced surface diffusion of atoms although the heating of the
electrode surface is an important factor as well.
At low bias voltages the field-induced effects are negligible and therefore we can
suggest that for the case of nanoparticles a temperature-assisted diffusion of adatoms
out of the tunnel gap is a key reason of the jumps in the tunnel current.
2.7.6 Conclusion
We found that magnetic nanoparticles can be produced in the course of breaking of
brittle ferromagnetic wires and trapped in a gap between the electrodes of MCBJ. We
suggested that the main reason for heavy deviation of I(z) curves from the exponential
behavior in these junctions is a reduction of the LDOS around the Fermi level as a
result of interaction between the electrodes at intermediate (2 to 5 A˚) distances. The
jump-like behavior of the tunnel current can be ascribed to backward motion of the
smallest particles due to repulsive magnetic exchange interaction. However, a more
probable mechanism behind this effect is the diffusion of adatoms out of the point of
the closest proximity of electrodes because of overheating of nanoparticles.
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Chapter 3
Field-emission resonance
measurements with MCBJ
To date all experiments with MCBJ in the tunneling regime were performed at rel-
atively low bias voltages Vb. In this chapter we present measurements at Vb much
larger than the work function φ of the metal under investigation, emphasizing the
junction conductance oscillation effect, also known as Gundlach oscillations [1] or
field emission resonances (FER).
3.1 Introduction
In 1966, Gundlach predicted oscillations in the tunneling current as a function of
energy for electrons emitted from one planar metal electrode into another adjacent
electrode [1] in the regime where the bias voltage is larger than the electrode work
function. Such oscillations of conductivity are now commonly known as field emission
resonances or Gundlach oscillations and can be understood by the appearance of
standing waves in the resonator formed by the field barrier and the potential step at
the surface.
In metal-insulator-metal junctions the Gundlach oscillations can be observed [2]
in a restricted energy range because of non-variable insulator thickness. Nevertheless,
field emission resonances proved to be very useful for studying junction properties
[2, 3, 4, 5] (e.g., interface roughness, work function).
For vacuum gap tunneling this effect was observed for the first time by Binnig
and Rohrer [6]. The ensuing publications [7, 8] gave rise to a considerable theoretical
interest [9, 10, 11, 12, 13]. The most detailed and thorough measurements of Coombs
and Gimzewski [14], extending to large quantum numbers and gap spacing, revealed
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that the fine structure of the oscillations is extremely sensitive to the electronic and
physical structure of the surfaces. Moreover, field emission resonances have been used
to study adsorbate complexes on the metal surfaces [15, 16], to investigate paramag-
netic centers [17], and to observe heating of vibrational states of adatoms [18].
3.2 Theory∗
In the Fowler-Nordheim regime [19] when the applied voltage Vb is larger than the
work function φ of the metal, a part of the vacuum gap (Fig. 3.1) becomes classically
accessible. The wave function of an electron in this positive kinetic-energy region
is determined by superposition of the transmitted wave and the wave reflected from
the potential step at the collector interface. The transmission coefficient has a max-
imum if the energy of electrons coincides with one of the virtual energy levels in the
potential well formed by the barrier potential U(z) and the potential step at d. In
a quasiclassical approximation it is equivalent to the Bohr-Zommerfeld quantization
rule for the shadowed area in Fig. 3.1:
√
2m
~
∫ d
z0
dz
√
εz − U(z) = pin (3.1)
Here εz is the electron energy in the direction normal to the metal surface, U(z)
is the potential energy of an electron inside the barrier, m is the electron mass, n is
a positive integer and ~ -Planck constant. It must be emphasized that there is no
barrier at the point d and the electron energy spectrum is continuous. The fulfillment
of equation 3.1 means that at V = Vn standing waves arise between the surface of
the collector and the classical turning point z0 resulting in an oscillating dependence
of tunneling probability and therefore of tunnel current as a function of applied volt-
age V . However, the quasiclassical approximation is inapplicable for calculation of
oscillation amplitudes since it calls for the determination of the transmission coeffi-
cient D(εz), including the pre-exponential factor. The exact solution of the problem
of tunnel current oscillations for a model of trapezoidal barrier has been obtained by
Gundlach [1]. Our calculations are centered on investigating the analytical expression
for the tunnel current in the field emission region and its dependence on the main
parameters involved. We will show that the interference of contributions to the tunnel
current from the different regions of the real 3-D junction with only slightly different
gaps may result in a considerable suppression of the FER amplitude due to a high
sensitivity to the phase of the oscillations.
∗The results presented in this section are extended theoretical part of Field-emission reso-
nance measurements with mechanically controllable break junctions, O.Yu. Kolesnychenko, Yu.A.
Kolesnichenko, O.I. Shklyarevskii, and H. van Kempen, Physica B 291, 246-265 (2000).
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Figure 3.1: Energy diagram for field emission. d -separation between electrodes,
zo - classical turning point, φ1,2 - work functions of the electrodes
Let us consider a model of an one-dimensional tunnel junction (Fig. 3.1) with a
trapezoidal barrier U(z)
U (z) =


0, z < 0
µ+ φ1 − (eV + ∆φ) (z/d) ; 0 < z < d
−eV ; z > d
(3.2)
where µ is the Fermi energy, φ1,2 are the work functions of the left and right electrodes
(∆φ = φ1 − φ2), and d is a barrier width; eV > 0.
In order to calculate the probability of an electron tunneling through the po-
tential barrier U(z) let us consider an electron wave exp (−ik1z) with wavevector
k1 =
√
2mεz/~ and unit amplitude, which propagates from the left electrode (z < 0)
to the right. The wave function in the left electrode consists of incoming and reflected
waves:
ψ1 (z) = exp (−ik1z) +A exp (ik1z) ; z < 0. (3.3)
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and in the right electrode (z > d) of only a transmitted wave:
ψ3 (z) = C exp (ik3z) ; z > d; (3.4)
with a wave vector k3 =
√
2m (εz + eV ) /~.
The transmission probability is determined as a ratio of the current densities in
transmitted and incoming waves. Writing down the current density in the standard
form
j =
i~
2m
(ψ∇ψ∗ + ψ∗∇ψ) = ~
m
|ψ|2∇α; ψ = |ψ| exp (iα) ; (3.5)
we obtain for the tunnel coefficient
D =
jz3
jz1
=
k3
k1
|C|2 (3.6)
As one can see, in order to calculate the transmission probability D it is sufficient to
know the amplitude C of the transmitted wave. C can be found by solving the the
Schro¨dinger equation
d2ψ2
dz2
+
2m
~2
[εz − U (z)]ψ2 = 0 (3.7)
in the barrier region (0 < z < d) with a potential U(z) given by 3.2. Substituting a
variable z by ξ(z)
ξ (z) =
(
2meF
~2
)1/3 (
φ1 + µ− εz
F
− z
)
; (3.8)
the Schro¨dinger equation takes the standard form of Airy equation and its general
solution is
ψ2 (z) = B1Ai (ξ) + B2Bi (ξ) ; (3.9)
where Ai(ξ) and Bi(ξ) are Airy functions; F = (eV +∆φ)/de is an effective electrical
field.
Taking into account the continuity of the wave function ψ(z) and its derivative
ψ′(z) in the points z = 0 and z = d, the amplitude C of the transmitted wave can be
found by solving a system of four linear equations
C =
2i exp (−ik1d)
pi
{
1
k1l
[Ai′ (ξ0)Bi
′ (ξd)−Bi′ (ξ0)Ai′ (ξd)] − (3.10)
k3l [Ai (ξ0)Bi (ξd)−Bi (ξ0)Ai (ξd)] +
i
k3
k1
[Ai′ (ξ0)Bi (ξd)−Bi′ (ξ0)Ai (ξd)] +
[Ai (ξ0)Bi
′ (ξd)−Bi (ξ0)Ai′ (ξd)]}−1 ; (3.11)
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where
ξ0(εz) =
4
3
(
µ+ φ1 − εz
eF l
)3/2
;−ξd(εz) = 4
3
(
eV − µ− φ2 + εz
eF l
)3/2
; (3.12)
l−3 = (2m/~2)(eV + ∆φ)/d;
Let us consider the situation when εz is relatively far from its limiting values ε1 =
µ+ φ1, ε2 = µ+ φ2 − eV, and ξ0 >> 1, −ξd >> 1. By using well known asymptotics
of Airy functions for ξ >> 1
Ai (ξ) ≈ 1
2pi1/2ξ1/4
exp
(
−2
3
ξ3/2
)
; (3.13)
Bi (ξ) ≈ 1
pi1/2ξ1/4
exp
(
2
3
ξ3/2
)
; (3.14)
Ai (−ξ) ≈ 1
pi1/2ξ1/4
sin
(
2
3
ξ3/2 +
pi
4
)
; (3.15)
Bi (−ξ) ≈ 1
pi1/2ξ1/4
cos
(
2
3
ξ3/2 +
pi
4
)
; (3.16)
the transmission coefficient can be written in the form:
D(εz) = 8 exp(−ζ0)
√
εz(εz + eV )(φ1 + µ− εz)(εz + eV − µ− φ1)
(µ+ φ1)(µ+ φ2)
×
×
[
1 + sin ζd + 2
εz + eV − µ− φ2
µ+ φ2
]−1
= D0(εz) exp (−ζ0(εz)) (3.17)
Here ζ0,d =
2
3ξ
3/2
0,d
Now that we have obtained the expression for the tunneling probability Eq. (3.17),
the tunneling current can be calculated by integrating transitions from all filled states
to all empty states with a given probability D(εz)
I =
2e
(2pi~)
3
∫
d3pvzD [fF (ε)− fF (ε+ eV )] , (3.18)
where ε, p, v are energy, momentum and velocity of the electron and fF is the
Fermi function. At low temperatures function fF (ε) = Θ (µ− ε) , therefore making
it possible to simplify Eq. ( 3.18) considerably. After changing the integration over
pz to the integration over εz = p
2
z/2m and carrying out the integration, equation 3.18
takes the form
I =
em
2pi2~3

eV
µ−eV∫
0
dεzD (εz) +
µ∫
µ−eV
dεz (µ− εz)D (εz)

 ; eV < µ, (3.19)
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and
I =
em
2pi2~3
∫ µ
0
dεz(µ− εz)D(εz); eV > µ. (3.20)
The tunneling probability D(εz) Eq.(3.17) has a maximum for electrons with energy
εz ' µmoving perpendicularly to the boundaries, therefore if the characteristic energy
range ∆ε ∼ φ1/ζ0 of tunneling probability exponential decay is much smaller than µ
we can present Eq.(3.20) in the form
I ' em
2pi2~3
∫ ∞
0
dη η D(µ− η), ζ0  1. (3.21)
where η = µ− εz.
At relatively small voltages (eV − φ2  φ1), sin ζd in Eq. (3.17) is changing
much slower than exp(−ζ0). Taking the preexponential factor D0(µ) outside of the
integral Eq.(3.19) and expanding ζ0(µ− η) in series around η = 0
ζ0(µ− η) = ζ0(µ) + 3
2
ζ0(µ)
η
φ1
+ ... (3.22)
one can obtain after integration
I ' em
2pi2~3
D0 (µ) exp (−ζ0(µ))
∫ ∞
0
dη η exp
(
−3
2
ζ0(µ)
η
φ1
)
= (3.23)
=
em
2pi2~3
D0 (µ) exp (−ζ0(µ)) 4φ
2
1
9ζ20 (µ)
.
Finally using Eqs.(3.17) and (3.12) we find an expression for the tunnel current at
eV − φ2  φ1
I = IFN
√
µ+ eV
eV − φ2
[
1− 1
1 + eV−φ2µ+φ2 sec
2(ζd(µ)/2)
]
; (3.24)
ζ0(µ)  ζd(µ) = ζ0(µ)
(
eV − φ2
φ1
)3/2
 1; ζ0(µ) = 4
3
(
φ1
eF l
)3/2
;
where IFN is the Fowler-Nordheim tunnel current [19]
IFN =
√
µ
µ+ φ1
e3F 2
(2pi)2
√
φ1~
exp{−ζ0(µ)} (3.25)
Analyzing the expression for the tunnel current Eq.(3.24) at eV − φ2  φ1 we find
that the oscillation amplitudes are rather large (the tunnel current is changing by an
order of magnitude)
Imax/Imin ' µ+ φ2
eV − φ2  1
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Also, the first energy eigenvalues for a given infinite potential well can be calculated
[20] using Eq. 3.23, but as will be shown below the theoretically obtained energy
eigenvalues can differ significantly from oscillation positions obtained experimentally.
At higher voltages (eV − φ2  φ1) the tunneling probability D(εz) Eq.(3.17)
is a rapidly oscillating function in the energy range ∆ε ∼ φ1/ξ0 with the amplitude
of oscillations decreasing more rapidly than IFN . Expanding the denominator in Eq.
(3.17) in powers of small parameter (µ+ φ2) / (eV − φ2) and keeping only the two
first terms, we obtain
D(εz) = (D1(εz) +D2(εz) sin ζd (εz)) exp(−ζ0 (εz)); (3.26)
where
D1(εz) =
4
√
εz(εz + eV )(φ1 + µ− εz)
(µ+ φ1)
√
(εz + eV − µ− φ2)
; (3.27)
D2(εz) = −2 (µ+ φ2)
√
εz(εz + eV )(φ1 + µ− εz)
(µ+ φ1)(εz + eV − µ− φ2)3/2
(3.28)
substituting D(εz) from Eq.(3.26) into Eq.(3.21) with subsequent expansion of ζ0
given by Eq.(3.22) and ζd in powers of η with an accuracy of first order terms
ζd(µ− η) = ζd(µ)− ζd(µ)3
2
η
eV − φ2 + ... (3.29)
one obtains the following expression for the nonmonotonic part Iosc of the tunnel
current
Iosc ' em
2pi2~3
∫ ∞
0
dη η D2(µ− η) sin ζd (µ− η) exp(−ζ0 (µ− η)) ' (3.30)
' em
2pi2~3
D2(µ) exp(−ζ0 (µ))
∫ ∞
0
dη η exp
(
−3
2
ζ0(µ)
η
φ1
)
×
sin
[
ζd (µ)
(
1− 3
2
η
eV − φ2
)]
=
=
em
2pi2~3
D2 (µ) exp (−ζ0(µ)) 4φ
2
1
9ζ20 (µ)
1
(1 + β2)2
×
[
(
1− β2) sin ζd (µ)− 2β cos ζd (µ)];
where
β =
ζd (µ)
ζ0 (µ)
φ1
eV − φ2 . (3.31)
After simple algebra Eq. (3.31) for the tunnel current can be presented in the following
simplified form
I = IFN
√
µ+ eV
eV − φ2
[
1− 1
2
(µ+ φ2)φ1
√
µ+ eV
(eV − φ2)5/2 sin (ζd(µ) + Φ)
]
(3.32)
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Figure 3.2: dI/dV(V) dependence at eV > µ calculated using Eq. 3.33 at
F=const.
ζd(µ)  ζ0(µ)  1; µ+ φ2
eV − φ2  1; and sin Φ = −
2
√
φ1(eV − φ2)
eV + ∆φ
Equation (3.32) shows that at eV −φ2  φ1 the oscillating part of the tunnel current
is very sensitive to the electrode separation. The monotonic part decreases by a
factor of e as the distance between the electrodes increases by ∆d1 ≈ d/ζ0, whereas
the phase of the oscillations changes its sign when the barrier width changes by
∆d2 ≈ d/ζd  ∆d1. This means that the interference of contributions to the tunnel
current from the different regions of the real 3-D junction with only slightly different
gaps may result in a considerable suppression of the FER amplitude. This result
provides us with an important criterion for analysis of the influence of the three-
dimensional electrode geometry on the FER spectra.
Eq. 3.32 also permits the calculation of junction conductance at high voltages.
Taking into account that the main contribution in dI/dV provides differentiation of
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rapidly changing functions of voltage exp (−ζ0) and sin(ζd) one finds, that
dI
dV
=
3
2
ζ0(µ)
V
IFN
(
1− 1
4
µ+ φ2√
φ1eV
cos ζd(µ)
)
(3.33)
ζd(µ)  ζ0(µ)  1; eV  φ1,2
The junction conductance peaks when
ζd(µ) =
4
3
√
2m
~
(eVn − φ2)3/2
eF
= 2pi(n− 1
4
); n = 1, 2, 3... (3.34)
where Vn is the bias voltage at which the n-th maximum occurs (see Fig. 3.2).
It is obvious from Eqs. (3.23) and (3.32) that by keeping I constant during the
measurements we also keep the effective electrical field strength F nearly constant at
large voltages. Assuming (n+ 14 )
2/3 ≈ n2/3 at n 1 one can find from Eq.(3.34)
eVn = φ2 +
(
3pi~e
2
√
2m
)2/3
F 2/3n2/3 (3.35)
Not surprisingly, under the assumption made above we arrive at the same result as
in [12] where it was obtained from the simple quasiclassical approximation.
Summary
At eV −φ2  φ1 Eq. (3.2) shows that the amplitude of oscillation is rather large and
the tunnel current is changing by an order of magnitude.
At eV −φ2  φ1 Eq.(3.33) gives the energy when the junction conductance peaks
and shows that the oscillating part of the tunnel current is very sensitive to the
electrode separation.
Equation (3.35) shows that the slope of the Vn(n
2/3) plot gives us directly the
electrical field strength in the contact and its interception with the voltage axis at
n = 0 gives us the work function φ2 of the right electrode (collector). Since for MCBJ
both electrodes are of the same material it is likely that φ1 ' φ2 and ∆φ ≈ 0. However
on some occasions the distance-voltage curves have shown detectable asymmetry with
respect to the applied voltage polarity which clearly indicates that at V = 0 the barrier
shape is rather trapezoidal than rectangular and φ1 6= φ2. This suggests that for a
more accurate determination of d the difference of work functions ∆φ must be taken
into account.
It should be realized that all calculations presented above were made using a
simplified model of a one-dimensional tunnel junction with a trapezoidal barrier. In
reality some additional factors are of considerable importance.
(i) Image forces change the overall shape of the tunneling barrier and therefore the
amplitude of the tunnel current, position and period of dI/dV oscillations. Including
even an approximate expression for the image potential into the Schro¨dinger equation
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makes an analytical solution of the problem impossible. Numerical calculations of
FER spectra [10, 12, 13] demonstrated that inclusion of an image force influences
results with an appreciable (10-20%) shift in the position of first maxima towards the
lower energies.
Note that distortion of the barrier by image forces occurs mainly in the region
close to the boundaries, affecting small-n oscillations. As n increases the relative
contribution of this area in integral (1) decreases and the influence of image forces on
Gundlach oscillations corresponding to larger n drops noticeably.
As calculations [10, 12, 13] have been made for specific material parameters they
have little relevance for improving the determination of d and φ for an arbitrary
junction. A more attractive suggestion [21] takes into account the image forces by
introducing effective work functions φ∗1,2 and electrical field F
∗ in the framework of a
trapezoidal barrier model.
(ii) In contrast to planar M-I-M junctions, the electric field distribution for both
STM and MCBJ configurations is essentially three-dimensional. However, because of
the exponential dependence of the tunneling probability on the barrier width, the main
part of the tunnel current flows through the electrode region with the smallest gap.
This makes the problem quasi-one-dimensional and the monotonic part of the tunnel
current can be described by an expression analogous to the Fowler-Nordheim formula
[19] with an additional coefficient depending on the exact shape of the junction and
proportional to the effective tunneling area [9, 10, 12].
3.3 Measurements of Gundlach oscillations with MCBJ†
The additional information provided by field emission resonance spectra significantly
increases the potential of the mechanically controllable break junction technique. We
have found that the pronounced three dimensional nature of the electrodes results in
an extremely high sensitivity of the field emission resonance spectra to the fine details
of the surface geometry, electronic structure and electric field distribution at small
electrode separations. At larger distances a quasiclassical approximation can be used
for the determination of the metal work function, precise calibration of the electrode
relative displacement and discrimination between “blunt” and “sharp” electrodes on
the basis of the distance - voltage z(V ) dependence.
3.3.1 Experimental
In our experiments we used the traditional sample design presented in Fig. 2.3. The
50 − 250 µm wire (Pt, Au, Cu 99.999% purity or Ni, Co, Fe, Be, Pb and Mg 99.99
†The results presented in this section have been published previously: Field-emission reso-
nance measurements with mechanically controllable break junctions, O.Yu. Kolesnychenko, Yu.A.
Kolesnichenko, O.I. Shklyarevskii, and H. van Kempen, Physica B 291, 246-265 (2000).
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% purity) was notched at the midpoint of the glued section for about 80-90% of its
diameter. A narrow (300-400 µm) strip of Dy 50 µm foil was treated the same way.
After mounting in the experimental setup (see sec.2.2) and cooling, the sample was
broken at 1.2 -4.2 K in a high vacuum environment.
The oscillatory behavior of the tunnel current for eV > φ can already be seen in
a Fowler-Nordheim plot ln(I/V 2) versus 1/V and even more clearly observed in a
logarithmic plot of dI/dV (V ) taken at a fixed electrode separation. However, only
the first two or three peaks can be observed in constant distance or in constant
bias (by varying the vacuum gap alone) mode because of the limited dynamic range
of the measuring equipment. In addition the rapid decrease of amplitude makes
measurements of oscillations with large quantum numbers practically impossible.
Following [7] the oscillating part of the junction conductance dI/dV (V ) was mea-
sured in a constant current (I = 0.5-1 nA) mode by adding a feedback ramp with a
relatively slow response for adjusting the gap distance between the MCBJ electrodes.
A modulation voltage of frequency 1000 Hz and 200-300 mV amplitude was super-
imposed on the bias voltage signal and a conventional lock-in technique was used for
the determination of dI/dV (V ). The sweep time for the scan from ± 1 V to ± 25-35
V was 1000-2000 sec which gives the possibility to use a lock-in time constant of 0.3
- 1 sec. The piezovoltage signal Vp(V ) proportional to the gap spacing was measured
simultaneously. To change the bias polarity the feedback circuit was switched off at
an electrode separation of 20-50 A˚.
The dI/dV curves can be reproduced extremely accurately for 1 hour, which
demonstrate the high junction stability and testifies that the lateral drift of the elec-
trodes during this time is negligibly small.
In order to “change” the junction we modified the surface relief of the electrodes
by controlled “crashing” using either a piezodriver to create a point contact with
resistance in the 102 - 103 Ohm range (estimated indenting of electrodes into each
other 5-10 A˚) or a differential screw (indenting up to 100-200 A˚).
We observed oscillations of the tunnel current for all materials investigated. The
best results were obtained for platinum, cobalt, beryllium and gold MCBJ. Experi-
mental data for more than 600 junctions from about 50 different samples were ana-
lyzed.
3.3.2 Results and Discussion
All STM measurements of Gundlach oscillations were carried out using a “blunt” tip
with a rather large radius against an atomically flat (over 104 A˚2) sample surface
[7, 14] in order to make the situation as close as possible to that in planar junctions.
In spite of the fact that the surfaces of the MCBJ electrodes are very irregular [22, 23]
and essentially three dimensional, a surprisingly high percentage of dI/dV (V ) curves
(more than 90%) demonstrate oscillatory behavior in a voltage range up to 30-35 V
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Figure 3.3: An example of field emission resonance spectra for Pt MCBJ showing
continuous decay (1) and strong variation of the oscillation amplitude (2-4). The
inset shows a distance-voltage dependence z(V) with distinct steps, related to the
conductance maxima.
with up to n = 35 - 45 distinct peaks (Fig. 3.3). However, only a small part of FER
spectra (.10%) display the theoretically predicted gradual decrease in oscillation
amplitude (curve 1 in Fig. 3.3). The Vp(V ) (distance-voltage) dependences for such
spectra show marked steps around the conductance maxima up to 12-15 V (see inset
in Fig. 3.3) and a nearly linear increase at higher voltages.
The vast majority of spectra show variations of the peak amplitudes (curves 2-
4, Fig. 3.3) which is reminiscent of “beating” or “wave packets”. This effect was
probably first observed in [7] as a disruption in the periodic structure of the dI/dV (V )
dependence and attributed to the reflection associated with atomic planes below the
surface. Numerical calculations [12] for tunneling from four contributing areas with
slightly different gaps revealed not only a more rapid decay of the oscillation amplitude
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Figure 3.4: a) Two FER spectra for a Co MCBJ taken with a 3 hour interval
for the same junction. An extremely small lateral shift of electrodes (0.3-0.5 A˚)
results in the appearance of an extra maximum on curve 2 (dashed line) between
5 and 11 V whereas above this interval the curves remain unchanged. b) Position
of the maximum in the differential conductance versus the order of the resonance
to the power two-thirds for curves 1 and 2 of Fig. 3.4,a. Incorrect peak indexing
for curve 1 (open circles) results in an unrealistically high value for the Co work
function (5.55 eV).
than was predicted for a single area, but also its non-monotonic behavior. Since the
numerical analysis in [12] was restricted to the first 7-8 peaks authors did not pay
due attention to this fact. The fine structure of FER spectra was studied in great
detail by Coombs and Gimzewski [14]. They suggested that in their experiments
with a blunt tip, the “beating” arises as a result of electron waves interfering from
the patches of the surface with different work functions. At extreme situations (3-10%
of all curves depending on the MCBJ material) the destructive interference results in a
completely irregular spectrum with the majority of peaks suppressed. The processing
of FER spectra with a heavy “beating” is more complicated as some of the peaks can
be missed and proper indexing must be restored to eliminate steps in the Vn(n
2/3)
dependence (for a more comprehensive description see [24]).
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The problem of adequate peak numbering for the low index peaks, however, is
far more complicated. Fig. 3.4,a shows two FER spectra for a Co MCBJ measured
sequentially 3 hours after each other. The estimated lateral shift of the electrodes
during this time does not exceed 0.3-0.5 A˚ but its impact on the dV/dI(V ) dependence
brings into existence an extra peak and therefore the peak numbering is affected. The
value of the work function derived from the first FER spectrum as the interception
of the linear fit to Vn(n
2/3) with the voltage axis at n = 0 (5.55 ± 0.1 eV, Fig. 3.4,b)
exceeds the first peak energy eV1 which is impossible in principle in the trapezoidal
barrier model (see Fig. 3.1,a) and hence is unrealistically high. Numerical calculations
[10, 12, 13] with the image force correction to the potential barrier shape give eV1 > φ
as well. For the second curve φ = 4.5 ± 0.1 eV is very close to the conventional value
of 4.41 eV [25].
The deviation of the peaks with small quantum numbers from the linear depen-
dence (Fig. 3.4,b) in MCBJ experiments is much larger than for the STM “blunt tip
- flat sample” configuration [14]. It can be explained by the fact that the 3D nature
of the break-junction at relatively small distances is especially pronounced and first
oscillations are more responsive to the geometry of a junction. First of all, at these
separations the distortion of a trapezoidal barrier by image forces is much more sig-
nificant. Secondly, for this vacuum gap range the condition F = const most probably
does not hold anymore in constant current mode. As can be seen from Eq. (3.24), at
bias voltages comparable to φ/e the Gundlach oscillation is essentially nonharmonic.
Finally, the phase shift between electron waves from tunneling areas with different
gaps (or different work functions) decreases in inverse proportion to the electrode
separation and is largest for the first peaks. All these factors make analysis of this
part of the FER spectra extremely difficult.
We made an attempt to detect missing or extra peaks using results obtained by
numerical solving of the Schro¨dinger equation. According to [12] the position of the
first oscillations is linear in coordinates Vn vs n
1/2. But the fit to the experimental
data (Fig. 3.5,a) seems equally good for both Co FER spectra and the absent peak
does not manifest itself in any manner.
To avoid complications with peak indexing it was suggested [14] to use a ∆V −2(V )
plot (where ∆V is the voltage separation between two adjacent peaks) for analyses of
FER spectra. Sharp spikes occur in this plot at voltages where the normal sequence
of peaks is disrupted by interference. Unfortunately this method is very unsuitable
for analysis of small-n oscillations as the scattering of points in this range is too large
to draw a definite conclusion if one of the peaks is really lost (Fig. 3.5,b). The linear
fit interception with the x-axis gives an approximate value of the work function but
its accurate determination is highly conjectural.
It is necessary to stress that the position of the first peak in the FER spectra
measured at the same current V1 remains remarkably stable during the small changes
of the surface relief or a local work function (caused e.g. by bringing electrodes
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Figure 3.5: a) position of the first maxima versus the square root from the order
of resonance for Co FER spectra presented in Fig.3,a. The open circles correspond
to curve 1 and the closed circles to curve 2. b) ∆V −2(V ) dependencies for the
first 12 peaks of the same FER spectra. In both cases there is no clear indication
for the ”missed”peak in curve 1.
together) whereas the overall shape of the spectrum can be drastically affected. This
can be explained by the fact that at I = 0.1 - 1 nA the first peak occurs for the
majority of metals at separations of ≈ 7-10 A˚. At these distances almost all the tunnel
current is determined by the foremost atom or clusters of atoms and contributions
from areas with larger gaps or different φ is negligible. Using data for the best FER
spectra we were able to draw empirical relationships between the first peak position
and the work function for some metals. For example φ = (0.88 ± 0.04) eV1 for Pt
and φ = (0.84 ± 0.04) eV1 for Be. The scattering of the data can be related to
the dependence of the first peak position on the effective tunneling area as pointed
out by Bono and Goods [12]. Nevertheless these relationships can be used as a very
reasonable estimation for the local work function.
The absolute vacuum gap (an offset of z(V ) dependence) can be found by inte-
gration of the one-dimensional Schro¨dinger equation [7] to yield the constant trans-
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Figure 3.6: Distance-voltage characteristics for a Pt MCBJ in positive and neg-
ative polarity taken in constant current mode at 500 pA and 30 pA. According
to [11] the interception of linear extrapolations from high voltages (dashed lines)
in each polarity gives the position of an absolute vacuum gap, and the voltage
difference between intercepts at d = 0 for ”+”and ”-”polarity determines 2∆φ.
The three dimensional character of the MCBJ leads to the largely exaggerated
values.
mission probability for the experimentally observed relative displacement of the tip
corresponding to a fixed tunnel current.
An alternative way of determining the absolute vacuum gap was suggested in [11]
but has never been tested experimentally. Using z(V ) dependencies taken in both
polarities for two significantly different values of tunnel current (0.5 nA and 0.03 nA
in our case) one can find the absolute vacuum gap as an interception point of the
linear part of the curves for different I (Fig. 3.6). The distance between these points
in ”+”and ”-”polarity on the V axis gives us 2∆φ. We found, however, from our data
that the value of absolute vacuum gap (≈ 16-18 A˚) is larger than expected by a factor
of 2 and ∆φ ≈ 1.1 eV differs from that determined using FER spectra by a factor of
5. It should be noted that the accuracy of the suggested method is not very high as it
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requires linear z(V ) dependencies over a large voltage range. The greatly exaggerated
value for the gap and ∆φ can be explained by the fact that for smaller current (at the
same voltage) the effective tunneling area is larger and the corresponding z(V ) curve
rise more steeply [13], pushing the interception point further than expected. These
considerations are also accountable for much larger ∆φ. Most probably this method
yields an vacuum gap “averaged” over all tunneling areas and the result depends on
the exact shape of the electrodes.
In the field-emission experiments with an artificially blunted tip in the STM config-
uration the main reason for distance-voltage curve z±(V ) asymmetry is the difference
of the electrode work functions. However, in MCBJ experiments we found that in
many instances the distance-voltage characteristics are very asymmetric in spite of
∆φ ≈ 0. (Fig. 3.7,a) and thus the junction geometry accounts for the observed
effect. For example in the case of a very sharp emitter the electrical field distribu-
tion inside the vacuum gap is not linear any more and the barrier can be considered
as more transparent in comparison to the nearly trapezoidal barrier between planar
electrodes. Consequently, a more steep distance-voltage dependence corresponds to
negative polarity on a “sharp” electrode. Under an inhomogeneous field distribution
the change of sign of the applied voltage can result in a substantial change of the
electrode area involved in tunneling.
Theoretical calculations [13] demonstrated that in the three-dimensional case the
electric field cannot be assumed to be constant even at high voltages. They also
revealed a dramatic dependence of the bending in the distance-voltage curves on
the tip radius r though this effect is reduced by the slower increase in the effective
tunneling area with voltage for tips with smaller r. Using results from ref.[13] we
evaluated the typical radius of electrodes for Pt MCBJ as 500-1000 A˚ and for Co
MCBJ (Fig.3,a) r ≈ 200-300 A˚.
The most illustrative examples of the z(V ) heavy bending and asymmetric behav-
ior are presented in Fig. 3.7,b,c for Au MCBJ. It is well known that the noble metals
experience severe deformations during the low temperature break which can result
in a very irregular shape of the electrodes on an atomic scale and the emergence of
small patches with different φ values associated with non-equilibrium surface defects.
We found that for freshly broken samples FER spectra are heavily distorted at low
voltages. The first peak and work function values are scattered over an interval of 4 -
5.5 eV and the z(V ) curves are very nonlinear and asymmetric. After 20-30 hours the
quality of spectra improves noticeably (though intensity of the oscillations with large
quantum numbers remains very low) and φ values are tending towards 5 eV. This
means that the relaxation of defects results in a smoothing of the electrode surface
and restores φ. It also means that the nonlinear behavior of z(V ) curves is related
to electrodes with a relatively small (< 100 A˚) radius and that the steep rise in z at
high voltages can be attributed both to the rapid increase of the total tunneling area
as well as an increase of the contribution from the patches with a lower φ situated
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Figure 3.7: Asymmetric distance-voltage dependences for: a) - Pt MCBJ with
∆φ ∼ 0; b,c) - Au MCBJ with FER spectra which are heavily distorted due to
surface defects.
behind the foremost atoms.
3.3.3 Conclusion
The measurements of field emission resonance spectra performed with MCBJ demon-
strated that in spite of the essentially three-dimensional nature of electrodes the oscil-
lating structure of the spectra can be clearly observed and in most cases experimental
data can be used for an accurate calibration of the relative electrode displacement. A
theoretical treatment of the problem in the framework of a one-dimensional model re-
vealed that, whereas for the first maximum in FER spectra the junction conductance
changes by an order of magnitude, at high voltages the oscillation amplitude drops
rapidly. It was also shown that the oscillation phase is extremely sensitive to the gap
distance which makes the overall spectrum and especially the first peaks very respon-
sive to small details of the surface relief. We also found that the asymmetric behavior
of the distance-voltage characteristics with respect to polarity and their shape can be
used for discrimination between MCBJ electrodes with different geometries.
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3.4 Calibration of the distance between electrodes
of mechanically controlled break junctions using
field-emission resonances‡
This section presents an accurate method for calibration of the relative displacement
∆z of Mechanically Controllable Break junction electrodes and determination of the
metal work function φ using oscillating behavior of tunnel conductance (known also
as a Gundlach oscillation) in a field emission region. The precision of the proposed
method is at least one order of magnitude better than the most reasonable estimations
that have previously been possible. In combination with tunnel current - distance
dependence I(z) measurements the absolute vacuum gap can be evaluated with an
accuracy ± 0.25 A˚.
3.4.1 Motivations
The relation between vertical displacement of the piezodriver ∆y and electrode sep-
aration ∆z is determined by the length L, width w and thickness h of the bending
beam, the distance l between anchoring points of the wire, the vertical distance p
of the wire from the anchoring point to the plane of flexure, and slope α at the fix-
ation point. Additional corrections arise if the break point does not occur exactly
in the middle of the glued section of the wire. (Detailed calculations for these type
of junctions are presented in [26]). Taking into account the approximate nature of
corresponding formulas, uncertainty in the determination of α, and inelastic deforma-
tion of the wire during the break we have evaluated the possible error in computing
∆y/∆z to be within a factor of 2.
A conservative estimate of piezovoltage to distance ratio can also be made using the
dependence of the tunneling current on the electrodes separation I(z). For materials
with work function φ ∼ 5−5.5 eV the tunnel current drops one order of magnitude as
the vacuum gap increases by ≈ 1 A˚. Because the true value of φ is unknown (as it can
differ from that of a bulk material due to surface distortion) it still leaves us with a
relatively large error, which is unacceptable for quantitative measurements (quantum
conductance regime in point contacts, electrodes interaction, spectroscopy, and STM
operational mode in electron tunneling experiments).
Here we are going to demonstrate, that both the relative displacement of MCBJ
electrodes and the absolute vacuum gap as well as the work function of a material
under investigation can be determined rather accurately using the tunnel conductance
oscillation effect (Gundlach oscillation [1] or field emission resonance) at eV ≥ φ.
‡The results presented in this section have been published previously: Calibration of the distance
between electrodes of mechanically controllable break junctions using field emission resonance, O.Yu.
Kolesnychenko, O.I. Shklyarevskii, and H. van Kempen, Rev. Sci. Instrum. 70, 1442 (1999).
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Figure 3.8: An example of a field emission resonance spectrum for a Pt MCBJ
showing continuous decay of oscillation amplitude. I = 0.5 nA. Owing to high
stability of the contact, oscillations with large (n > 20) numbers can be clearly
resolved. b) Plot of the maxima in the differential conductance against the order
of the resonance to the power two-thirds with a linear fitting for n > 4.
3.4.2 Calibration procedure
In spite of the fact that the surface of MCBJ electrodes is very irregular [22, 23] most
dI/dV (V ) curves demonstrate an oscillating behavior at eV > φ (see Fig. 3.8a).
In the majority of cases, however, we observed “beatings” in the oscillating tunnel
conductance described in [14] in terms of “wave packets” (see Fig. 3.10a). This effect
is the result of tunnel current interference from different areas of the emitter and
depends on the specific electrode geometry. In extreme situations destructive inter-
ference leads to almost complete suppression of the oscillations and makes subsequent
analyses of data impossible. Changing the surface relief (e.g. by gentle touching of
electrodes) we were always able to obtain an oscillating dependence of acceptable
quality.
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Figure 3.9: Tunnel resistance-distance-piezovoltage characteristics for a Pt
MCBJ. (The same contact as in Fig. 3). The displacement to piezovoltage ratio is
0.128 A˚/V. Tunnel resistance drops one order in magnitude as z increases by 0.96
A˚. The resistance range where jump to one-atom point-contact usually occurs is
marked with an error bar.
The calibration procedure for dI/dV (V ) curves with a gradually decreasing am-
plitude of oscillations (Fig. 3.8a) includes the plotting of peak position versus peak
index n2/3 (see Fig. 3.8b), fitting of the points with numbers n > 5-6 by a linear
dependence and a determination of electric field strength F and work function of
emitter according to Eq. 3.35. For freshly broken Pt samples F was usually 0.45 ±
0.02 V/A˚ and φ = 5.3 ± 0.3 eV. This value is in surprisingly good agreement with
data for bulk Pt (5.5 eV) [27].
The distance between the electrodes of the tunnel junction can be found from the
following expression (under the assumption that eV > φ2)
d =
1
eF
(eV + ∆φ) (3.36)
As both electrodes are of the same material, φ1 ≈ φ2 and the difference ∆φ1,2 usually
does not exceed 0.1-0.2 eV and can be neglected in Eq. 3.36. From this formula the
relative distance ∆zk,n between the electrodes at positions corresponding to conduc-
tance maxima with numbers k > n > 6 can be found. Then, using the linear part
of the Vp(V ) curve the appropriate piezovoltage difference ∆Vp and the calibration
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coefficient K = ∆zn,k/∆Vp [A˚/V] can be calculated. For the curve presented in Fig.
3.8a we found K = 0.128 ± 0.002A˚/V.
It should be noted that keeping the sample in the cryostat for periods > 100 hours
results in a considerable drop of φ (down to 4-4.5 eV for Pt) due to surface contami-
nation and an increase in ∆φ to 0.5 eV or more with a simultaneous deterioration of
dI/dV (V ) dependence. A similar effect was observed after multiple indenting of elec-
trodes into each other at distances more than 1-2µ. In the latter case the calibration
coefficient sometimes changed as a result of modification of a sample geometry.
To put the origin of the re-calibrated (in angstro¨ms) ”Y”axis at the correct position
the absolute vacuum gap must be found. We cannot rely on Eq. (3.36) for this as it is
not valid for small distances because of the 3D nature of our contact. Instead we can
use the calibrated tunnel resistance versus distance dependence R(z) (Fig. 3.9), taken
for the sample presented in (Fig. 3.8). For clean electrodes and an equilibrium state
of the surface (established in 3-4 hours after the break) the jump to one-atom contact
always occurs at a contact resistance in the range 0.05 - 0.2 MOhm. Considering that
for Pt the critical distance between electrodes is about 1.5 A˚[28] we can estimate the
separation corresponding to the 0.5 nA current at 10 mV bias as being equal to 4.5 ±
0.25A˚. As the slope of I(z) for a Pt MCBJ does not change appreciably at 1V bias,
we estimated the vacuum gap at this voltage to be 6.4± 0.25 A˚.
Note, that according to the calibration the junction resistance drops one order
of magnitude as the distance between electrodes increases by 0.96 A˚. The simple
formula for one-dimensional tunneling
IT =∝ V exp
(
−2z
~
√
2mφ
)
with φ=5.25 eV gives us 0.98 A˚ per decade, is a very good agreement taking into
account the three-dimensional geometry of the real contact and the local variations
of electron density of state.
For dI/dV (V ) dependences with “beatings” (Fig. 3.10a) calibration is more com-
plicated because some peaks can be completely suppressed as a result of interference
(or alternatively additional peaks can emerge). Incorrect peak numbering results in
unrealistically large (or small) values of φ , whereas the slope of the linear fit and
therefore calibration coefficient K does not change appreciably (3-5 %). In this case
the V (n2/3) plot displays a step-like structure and this problem can be corrected by in-
serting (deleting) extra points for eliminating the steps (Fig. 3.10b). In more complex
situations we were using a ∆V 2(V ) dependence (where ∆V is the voltage separation
between two neighboring peaks) suggested [14] for conductance oscillation analyses.
It shows spikes at voltages where interference results in an irregular behavior of the
oscillation.
It should also be mentioned that we are not discussing here results where Vp(V )
displays very strong non-linear and asymmetric behavior with respect to polarity.
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Figure 3.10: a) Field emission resonance spectra with a strong variation of os-
cillation amplitude. For clarity sake all data point above 10 V were multiplied
by ∼ V 3/2 and normalized. Positions A and B indicate ”missing”peaks. b) The
same as Fig. 3.8(b). Peak numbering was corrected by inserting an additional
one at point A and two additional numbers at B to remove steps in the Vn(n
2/3)
dependence. For this sample the work function φ = 5.4 ± 0.1 eV.
This can be caused by a rapid growth of the tunneling area or by the incorporation
into the tunneling process of areas with anomalously small values of φ. Though
some of these curves shows pronounced oscillation, the procedure described above is
unusable.
In conclusion, we present a simple and accurate method of calibrating the relative
displacement of MCBJ electrodes which uses the electron wavelength as the most con-
venient and precise yardstick for measuring. The accuracy of the method depends, to
a great extent, on the surface relief of the electrodes and the metal under investigation
and ranges from 1 to 5 % which is still one order of magnitude better than rather
rough estimates possible hitherto.
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3.5 Giant influence of adsorbed helium on FER mea-
surements§
Field emission resonance spectra measurements performed with the mechanically con-
trollable break junction technique for Au, Be, Mg, Dy, Ni, Co, Fe and Pt have uncov-
ered dramatic increases in metal work functions caused by physisorption of He atoms.
These results are in sharp contrast to the data for the other rare gases where the work
function decreases on a moderate scale. At high He coverage or for junctions mea-
sured directly in the liquid helium the potential barrier height at metal-He interface
is approximately twice as large as the work function of the metal under investigation.
3.5.1 Introduction
The influence of adsorbates on a metal’s work function φ has been studied for decades,
with particular emphasis (because of technological interest) on cases involving the
lowering of φ. The main reason for detailed investigations of rare gas physisorption is
the simplicity of the adsorbate complexes, which can be used as progenitors for more
complicated molecular adsorbates (see [29] and references therein).
However we found no data related to the influence of adsorbed He on metal work
functions. A possible reason for this are serious experimental difficulties because of
the very small (usually 3-7 meV) physisorption well depth.
The traditional methods of work function measurement include macroscopic tech-
niques (e.g. Kelvin probe) which provide information averaged over a sizable portion
of the surface and microscopic ones (e.g. photoemission). Detailed maps of the
local-work-functions for metallic surfaces can be obtained using Scanning Tunneling
Microscopy (STM) [30]. Field-emission work function measurements based on anal-
yses of changes in the slope of the Fowler-Nordheim plot ln I/V 2 vs 1/V caused by
adsorbates are also related to relatively small areas of the emitter surface.
The oscillating part of the tunnel current in the Fowler-Nordheim regime, often
referred to as Gundlach oscillations or field emission resonance (FER), is sensitive
enough to variations in the surface work function to provide qualitative information.
But the only attempt to date to exploit this effect was the STM measurement of the
FER spectrum shift caused by potassium adsorption on the Si(001)-2×1 surface [31].
To observe if He adsorption affects FER spectra of metals we used the mechanically
controllable break junction (MCBJ) technique. Recently we reported strong deviation
of current-distance I(z) characteristics from the expected exponential behavior caused
§The results presented in this section have been published previously: Giant influence of adsorbed
helium on field emission resonance measurements, O.Yu. Kolesnychenko, O.I. Shklyarevskii, and
H. van Kempen, Phys. Rev. Lett. 83, 2242 (1999) and Anomalous increase of the work function
in metals due to adsorbed helium, O.Yu. Kolesnychenko, O.I. Shklyarevskii, and H. van Kempen,
Physica B 284, 1257-1258 (2000).
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Figure 3.11: FER spectra for a Be junction with a clean (curve 1) and He-
covered (curve 2) electrodes. The inset shows peak position against peak index
n2/3 plots for each spectrum. The difference between φA (He-covered) and φ
determined by interception of the linear fit with the voltage axis is 3.3 ± 0.2 eV.
by He atoms adsorbed at the electrodes [32]. This, to a great extent, provoked our
interest in further investigation of the influence of adsorbed He on the electronic
properties of the metal surface.
3.5.2 Results
Fig. 3.11 shows FER spectra for Be MCBJ with atomically clean (curve 1) and He-
covered (curve 2) electrodes. In the latter case the pressure of the ambient helium
gas was 5 Torr at 4.2 K. Adsorption results in a 3.4 V shift of the first peak position,
a considerable smearing of the spectral maxima and a decrease in their intensity as
a result of the coherence loss due to inhomogeneities within the gap. The difference
between work functions derived from Eq. 3.35 is 3.3 ± 0.2 eV (see inset).
Fig. 3.12 demonstrates the evolution of Pt MCBJ field emission resonance spectra
as the coverage θ of He increases. Since the area of electrode under investigation does
not exceed a few hundred A˚2 which is approximately 17-18 orders of magnitude less
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Figure 3.12: Evolution of FER spectra for a Pt MCBJ as He coverage progres-
sively increases. Curve 1 represents spectrum for atomically clean electrodes.
than the total inner area of the vacuum chamber it is very difficult to estimate θ on
the surface of the electrodes even roughly. In the course of measurements helium was
progressively added and as θ increases we observed a monotonous shift of the spectra
towards higher voltages. It must be noted that because of the surface roughness at
atomic scale not all adsorption sites are equivalent which results in appreciable scat-
tering of data for different junctions at low θ. The scatter decreases with increasing
He pressure in the chamber and the picture saturates approximately at 0.01-0.1 Torr
and stays generally the same up to 760 Torr at 4.2 K. Moreover, we found that the
FER spectrum taken for Pt MCBJ’s immersed directly into liquid He (both in the
normal and superfluid state) does not differ from that presented in curve 5.
The voltage range in which FER spectra measurements are possible narrows as θ
increases. For junctions measured in a helium gas or directly immersed into liquid
helium abrupt jumps in the junction conductivity start at a certain critical voltage
V Cb resulting in crashing of the electrodes into each other because of failure of the
feedback system. The threshold of this effect gradually falls to lower voltages reaching
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≈ 14-15 V at θ=1.
At high coverage we cannot use Eq. 3.35 for the accurate determination of φA
since even for materials with a relatively low work function only 7 - 8 peaks can be
clearly observed (and only 2-3 peaks for Au and Pt). However, careful analysis of
FER spectra for different materials demonstrated that in the majority of cases the
position of the first peak is remarkably stable, insensitive to changes of the surface
relief and depends only on φ. We derived an empirical rule to estimate the metal work
function from the position of the first peak. For example, φ = (0.88 ± 0.04) eV1 for
gold and platinum. For metals with a work function below 4 eV the influence of the
image potential is more considerable and φ = (0.84 ± 0.04) eV1 for Be. This agrees
qualitatively with numerical calculations [12, 13] which demonstrated that taking
image forces into account results in a shift of the first maximum by about 10-15%
towards lower voltages compared with the trapezoidal barrier case.
If we assume that He adsorption does not affect the barrier shape significantly
and the image potential effect is somewhat reduced for higher barrier then the energy
difference between the first maximum position in the FER spectrum for clean and
He-covered electrodes e(V He1 − V1) = e∆V1 ≈ 0.9(φA − φ) = 0.9∆φA will be very
close to the real difference (see inset to the Fig. 3.11) and φM−He ≈ 0.9 eV He1 .
Fig. 3.13a presents ∆V1(φ) and ∆φA(φ) for eight different metals plotted against
the average value of their work functions determined from FER spectra for the clean
surface. The magnitude of effect (in absolute values) is 10-20 times larger than for
Ar and Kr adsorbed on the same metals and ∼5 times larger than for Xe. For the
He/Pt and He/Au systems φA reaches 9-10 eV - the largest numbers ever reported.
A linear fit to the data of Fig. 3.13a shows that ∆φA is proportional to the metal
work function and averages ∼ 0.9 of its value.
The temperature dependence of the first peak position in FER spectra for a Co
MCBJ is presented in Fig. 3.13b. Desorption of He decreases θ and restores the
oscillation position. No influence of He on the work function has been observed above
T = 20 K, indicating a very shallow adsorption potential well (≈ 3-5 meV) in a good
agreement with calculations [33]. These data are also compatible with our previous
measurements of temperature dependence for current-distance curves I(z) at low bias
(10-100 mV) and are of crucial importance for interpreting the observed effect as it
excludes the field-induced He adsorption. According to recent calculations [34] the
short-range binding energy for the field induced He adsorption is vanishingly small at
F ≤ 1 V/A˚. In our experiments the electric field strength within the vacuum gap for
clean electrodes is in the range of ∼ 0.2 V/A˚ for Dy and up to 0.4-0.45 V/A˚ for Au
and Pt MCBJ. For the last two metals it reaches no more than 0.8 - 0.9 V/A˚ at the
saturation coverage.
The role of the electric field As was mentioned above, FER measurements in
a He gas environment are restricted to the narrow energy range Vb ≤ 15V due to
a peculiar destruction of the junction. Starting from a certain critical voltage V Cb
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Figure 3.13: a) The shift of the FER spectra first maxima position ∆V1 caused
by adsorbed He atoms. Right axis indicates the change of the apparent work
function in approximation e∆V1 ∼ 0.9∆φA. b) Temperature dependence of the
first conductance maximum position for a Co MCBJ.
the junction conductivity becomes unstable resulting in a crashing of the electrodes
into each other because of failure of the feedback system. Figure 3.14 shows this
peculiar kind of breakdown for Pt, Ni, and Be junctions. As we found out for Pt and
Au MCB junctions this breakdown manifests itself as chaotic jumps in the junction
conductance, whereas for other metals the junction conductance and the distance-
voltage dependence become irreversible and demonstrate hysteretic behavior.
The observed breakdown of junctions with helium can not be attributed to the
classical atom ionization because the first ionization level for a He atom is very high
(Ei=24.6 eV). We believe that the observed effect might be attributed to the influence
of the electric field on polarized helium atoms with external potential given by Uext ≈
−1/2αaF 20 where αa is the gas-atom polarizability in free space and F0 is external
electric field. However comparison with the experiment in order to estimate V Cb and
the dependence on the metal work function seems to be very difficult due to many
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Figure 3.14: Feedback signal vs bias voltage characteristics for Be, Pt, and Ni
MCB junctions showing the peculiar breakdown at elevated bias voltages.
unknown parameters involved (geometry, dependence of the binding energy on the
adsorption site, etc.). Also it should be noted that although the electric field in our
experiments is quite low (≥0.9 V/A˚), nonuniform 3D geometry of MCB junctions can
cause areas with enhanced electric field and in this case a field-enhancement factor
for polarizability has to be taken into account [34].
Another interesting effect which we associate with the influence of electric field is
a hysteresis observed at low helium coverages (Fig. 3.15). Two-level tunnel resistance
fluctuations due to adsorbed helium have been already reported [35]. These fluctu-
ations have been explained as a result of an adsorbed He atom moving reversibly
between two (or more) different positions. However in [35] the resistivity jumps were
spontaneous. In contrast, in our experiment we observed a hysteresis behavior indi-
cating that the transition is only possible under the influence of an external factor
which changes the form of the potential. We believe that this external factor is, in
our case, a nonuniform electric field which builds up in the junction as we increase the
bias voltage, effectively modifying the potential and which makes it more favorable
for a He atom to move out from the junction.
Comparison with previous results
Previous investigations on the influence of adsorbed helium on the tunnel current [32]
were carried out at smaller separations between electrodes (2A˚ < z < 6A˚). It was
found that adsorbed helium causes a large deviation of the tunnel current (see Fig.
3.16) from its standard exponential dependence. However, it was difficult to observe
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Figure 3.15: Hysteresis of feedback signal expressed in distance change (dot -
forward; cross - backward) vs bias voltage characteristics at low helium coverage
for a Pt MCB junction. This hysteresis indicates that a helium atom can reversibly
move between two positions under the influence of the electric field.
the effect at larger distances due to exponentially decaying tunnel current. In order to
link the previous data to our measurements in the Fowler-Nordheim regime we tried
to measure the metal work function using a modulation technique [36, 37, 38]. In a
general case, where both the density of states and the work function are functions of
the distance, differentiation of the expression for the tunnel current gives us
dI
dz
= (f(z) + constφ1/2)I(z) (3.37)
where f(z) is a function which incorporates the dependence of the density of states and
φ on the distance between electrodes. In the stationary case f(z) = 0 and the slope
of the dI/dz vs I(z) dependence give us directly the electrode work function. Fig.
3.17a shows such a dependence for a Pt junction measured under UHV conditions.
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Figure 3.16: Tunnel resistance of Pt MCB junction recorded in a 4He gas envi-
ronment
As one can see the slope of the curve remains constant for the whole distance range as
expected. Measurements in the He environment show noticeable deviations at large
distances (Fig. 3.17b). If a He atom entering the vacuum gap causes only a temporary
distance dependence of the density of states, one would expect the appearance of
a bump on the curve. From the other hand, if an He atom immediately changes
the work function, one would expect two straight lines with different slopes. Fig.
3.17b shows that at larger distances the slope of the curve is different than at close
electrode separations. However the value for the work function extracted from this
experiment is far from double as has been obtained from FER measurements. On
the other hand, careful analysis of the data points at large distances together with
investigations [35] on the influence of the second layer of adsorbed helium on current-
distance characteristics lead to the conclusion that the work function and/or the
density of states are still changing at maximal electrode separations reachable in this
experiment. As it follows, the direct determination of the influence of adsorbed helium
on the material work function from this experiment is impossible.
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Figure 3.17: Variation in dI/dz with tunneling current for Pt MCB junction
measured (a) in high vacuum and (b) in a 4He gas environment
3.5.3 Conclusions
The density-functional studies of metal-adsorbate systems by Lang [39, 40] disclosed
that adsorbed He (in contrast e.g. to Xe) decreases the local density of states at
the Fermi level and this effect can be partly accountable for the observed increase of
the metal work function. Calculations of the helium interaction with a metal surface
have been done by Lang and Nørskov [41] using the jellium model for the surface
and the local density approximation to treat exchange and correlation effects. They
demonstrated that the He atom polarization is relatively small and at equilibrium
distances the binding arises from exchange-correlation effects. The charge density
map shows that the He atom acts like a strong repulsive pseudopotential, pushing
away the metal electrons. It is well known also that the strong short-range repulsive
exchange interaction between an electron and a helium atom gives rise to an effective
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potential barrier at a liquid (or dense vapor phase) surface (see eg. [42]). The energy
necessary for an electron to enter the liquid under saturated vapor pressure is about
1 - 1.2 eV. For adsorbed helium the distance between the potential minimum and the
surface of the metal is unexpectedly large (3-3.5 A˚) and the He atom is sitting mostly
outside of the surface dipole layer. This means that the electrostatic term of the work
function can be greatly reduced by the short-range repulsive interaction leading to
the dramatic increase in φA.
The simple model presented above provides a rough picture for the observed phe-
nomena and explains the different sign of the effect for He than for other rare gases. No
detailed, quantitative theoretical model exists yet which explains the results. Much
theoretical work is needed to understand better the extremely large magnitude of the
effect and the observed dependence on the work function of the clean metal.
Concluding, we have observed a strong influence of adsorbed He on FER spectra
for various metals. The shift of the first maximum in the FER spectra is related
to dramatic (up to 5 eV) increases of the metal work functions. Although the di-
rect link between these results and previous investigations [32] is not complete due
to experimental and theoretical difficulties, we can however conclude that they are
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consistent in the sense that they both indicate that the influence of adsorbed helium
on the metal electronic structure is tremendous. The substitution of He4 by He3 is
also consistent with previous investigations [35], as the influence caused by He3 is a
bit smaller than by He4 (see Fig. 3.18). We also found that electric field which is
present in the junction is apparently responsible for junction breakdown at elevated
voltages and the hysteresis at low coverages.
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Chapter 4
Scanning Tunneling
Microscopy and Spectroscopy
In this chapter the basic theory of STM is treated, the difficulties encountered with
the interpretation of atomically resolved images are demonstrated on some examples
obtained during our research in Sec. 4.2. One of the key problems in STM is clean
surface preparation. The powerful but not yet well understood cleavage method will
be discussed in Sec. 4.3. Further in Sec. 4.4 we will show that information about the
surface electronic structure can be obtained by measuring the differential conductance
or its normalized value but special precautions have to be taken in order to obtain
correct values for peak positions in the density of states.
4.1 Low-Temperature Scanning Tunneling Micro-
scope
The STM we used in our experiments was designed and built in our department. It
is described in the theses of Wildoe¨r [1], Boon [2], and van der Wielen [3]. Therefore,
in this section we will only briefly describe the most important aspects of the design.
The STM is situated in a vacuum chamber and is attached to an insert to enable
the STM to be positioned into a standard He4 bath cryostat that contained a 7-T
magnet. All metal parts of the STM are made from stainless steel. The scanner
consists of a four-section piezo tube, mounted inside a plunger, which is part of
the automatic tip-to-sample approach facility. The plunger can be moved stepwise
upwards and downwards by applying an appropriate voltage pulse to another piezo
tube surrounding the plunger with the scanner tube. The scanner and the automatic
approach mechanism can be controlled by commercial Omicron STM control units.
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Figure 4.1: Sample holder with cleaving station. (1) House of the cleaving sta-
tion, (2) slider, (3) sample, (4) sample holder, (5) displacer.
A cleaving station, which has been added to the STM is shown in Fig. 4.1. The
station consists of a housing (1) together with a movable part (2) (a slider). Two
windows in the housing are necessary for correct alignment of the tip with respect
to the sample (3). A wire which is attached to the slider leads to a small wheel just
above the STM which can be turned from outside. By winding the wire the slider is
forced to move forward, cleaving the sample (3) which is glued in the sample holder
(4).
Chromium samples were cut from a 99.99% single crystal by spark erosion and
had the form of 0.5mm×0.5mm×6mm bars. Bismuth samples were prepared from a
99.9999% single crystal by the same technique and have a 1mm×1mm×6mm form.
The electrical contact between the sample and the sample-holder was made by silver
epoxy.
4.2 Basics of Scanning Tunneling Microscopy 83
The STM tips were made from 0.5mm PtIr wire (10% Ir). A tip is formed by
both mechanically cutting and pulling the wire at the same time. Beforehand, all
instruments and the wire are ultrasonicly cleaned in isopropanol.
In order to position a sample directly under the tip, a displacer (5) on which the
cleaving station is placed can be moved in all four directions by four screws from
outside. The positioning of the sample is crucial since the scan range of our STM is
about 1µm× 1µm and initial alignment of the sample with respect to the tip should
be very precise.
The ability to work at liquid helium temperatures and with surfaces produced by
cleavage at 4.2K offers many advantages. First of all, the vapor pressure of most gases
inside is extremely low (see Sec. 2.2); therefore sample surfaces can stay clean for
many days. The absence of thermal drift and high stability permitted images of 200×
200 I/V pixels and 200 I/V points per pixel in spectroscopy mode to be obtained. In
addition, high-resolution spectroscopy measurements are possible because at helium
temperatures the thermal broadening in dI/dV is only 3.5kBT ≈ 1.4meV.
4.2 Basics of Scanning Tunneling Microscopy
In the past twenty years Scanning Tunneling Microscopy has developed to a very pow-
erful imaging technique, which found its application in characterizing semiconductor,
superconductor and metal surfaces. Also technical characteristics and theoretical
understanding have developed to a large extent during these years. But in spite of
tremendous progress, the STM is still a developing technique which continuously finds
new applications both in solid state physics and biology. For example, recently the
STM was applied in studying vibrational modes of molecules via inelastic electron
tunneling [4, 5, 6] and for construction of nano-structures using atom manipulation
[7, 8].
The STM technique is based on the fact that the tunneling current between two
conductors separated by a vacuum gap is very sensitive to this separation. In a one-
dimensional model [9] and under the approximation of no tip-sample interaction, the
tunneling current is given by:
IT ≈
∫ eV
0
ρT (E)ρS(E)T (E, eV )dE, (4.1)
where ρS(E) is the surface density of states of the sample, ρT (E) is DOS of the tip,
and T (E, eV ) = exp(−2ks) is the transmition probability of the electron, where s is
the tip-sample separation and k = k(E, eV ) is the inverse decay length. However,
this simple description works well only if one has to deal with relatively large surface
features.
The interpretation of atomically resolved images is much more complicated. For
a long time, it has been assumed that in metals electrons screen the nuclear charge
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and thus follow the atomic structure to a good approximation. Therefore, areas of
high and low tunneling current should be assigned to protruding atoms or atomic
inter-sites, respectively. Although this argument might be true for noble metals, the
interpretation of STM images for transition-metal surfaces is far from being trivial.
It has been shown experimentally that atoms on the Cr(001) surface [10] and on
the Fe(001) surface [11] are not seen as protrusions but as depressions (minimum
tunneling current above the atomic sites) in atomically resolved images.
Important aspects for the understanding of atomically resolved images are the
shape and electronic structure of the tip as they can both significantly influence STM
images [12, 13]. At small tip-sample separations the effects of barrier height reduction
[14] and tip-sample interactions [15] are of importance for correct interpretation of
the STM images. Next we demonstrate, with some examples, the difficulties one can
encounter for the proper interpretation of the STM images.
Figure 4.2 shows atomically resolved images of the Bi(0001) and the Cr(001) sur-
faces as they can appear in STM measurements. In fig. 4.2a we present a typical
topographic image of the Bi(0001) surface. The image shows clearly individual atoms
which are equally well resolved in all directions. No tip changes or stripes are present
on the image. Figure 4.2b shows the dramatic influence of the tip on the appearance
of atoms in STM images. In the lower part of Fig. 4.2b individual atoms can be
seen, similar to Fig. 4.2a. However after a tip change (shown by an arrow) in the
upper part we can only see atomic rows. Changing the scan direction does not alter
the situation, indicating that this observation can not be explained by a different
resolution along and perpendicular to the scan direction. We do not have satisfactory
understanding of this effect and further investigations are required. Furthermore, we
want to discuss the appearance of atomically resolved images in the situation when
the tip is almost in the direct contact with a surface. Such a situation is very common
for tips produced by the cutting technique. In this case the apex of the tip might
have a non-conducting part, causing the mechanical contact at relatively large tunnel-
ing gaps. The characteristic feature of such images is the appearance of shadow-like
structures and stripes. In Fig. 4.2c this effect manifests itself in the apparent reversal
of atom protrusions into depressions. Another situation is shown in Fig. 4.2d and
Fig. 4.2f, where direct contact between the tip and the sample causes the appearance
of a “fish scale-like” structure. It is interesting to compare the corrugation amplitude
found in the bottom parts of figures 4.2c and 4.2d. Both images were recorded at the
same tunneling currents and bias voltages, however the corrugation amplitude differs
by almost an order of magnitude. The giant corrugation measured in Fig. 4.2d can
be explained by the tip-sample interaction [15], which increases the corrugation due
to the inter-atomic forces between the tip and the sample.
Another interesting phenomenon which we have tried to investigate, is the corru-
gation reversal for STM images. The effect of anticorrugation has been addressed in
several theoretical investigations where different mechanisms of its existence have been
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Figure 4.2: (a) Atomically resolved Bi(0001) with a scan range 10×10 nm2. As
for all images, no image processing was performed apart from plane subtraction.
The apparent corrugation is 0.03 nm at Vs=50 mV and I=0.1nA; (b) 14×14 nm
2
topographic image of Bi(0001) at Vs = −30 mV and I=0.1nA with a corrugation
of 0.025 nm; (c) 10x10 nm2 topographic image of Bi(0001) at Vs = −2 mV and
I=0.1nA with a corrugation of 0.03 nm; (d) 10x10 nm2 topographic image of
Bi(0001) at Vs = −2 mV and I=0.1nA with a corrugation of 0.15 nm; (e) The
atomically resolved Cr(001) with a scan range of 5.4 nm×5.4 nm and setpoint Vs =
−50 mV; I = 0.5 nA. The apparent corrugation is 1 pm; (f) 2x2 nm2 topographic
image of Cr(001) at Vs = −10 mV and I=2nA; In figures 4.2b-d, the tip changes
are shown by arrows. In figures 4.2a,c,d, insets shows the line profile between A
and B.
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V = - 50 mV
s
a)
V =200 mV
s
V = - 200 mV
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V = - 40 mV
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V = - 30 mV
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Figure 4.3: This set of pictures presents atomically resolved images ob-
tained in dual mode. Each image presents the surface area where the
upper part was recorded at negative sample voltage and the bottom part
at positive sample voltage. The arrows show the border between two
parts. The absolute value for the apparent corrugation at negative (∆z−)
and positive (∆z+) bias voltages is given for each setpoint in brackets.
The set-points for images a) - f) were Vs=±200 mV, I=2 nA, (∆z
−=2 pm,
∆z+=2 pm); Vs=±50 mV,I=0.5 nA, (∆z
−=1.5 pm, ∆z+=1.7 pm); Vs=±40 mV,
I=0.4 nA,(∆z−=0.5 pm, ∆z+=1 pm); Vs=±30 mV, I=0.3 nA,(∆z
−=0.5 pm,
∆z+=1 pm); Vs=±15 mV, I=0.15 nA, (∆z
−=3 pm, ∆z+=2 pm); Vs=±8 mV,
I=0.08 nA, (∆z−=4 pm, ∆z+=3.2 pm);respectively.
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proposed [13, 16, 17]. These mechanisms can be divided into three groups depending
on the physical effects responsible for the appearance of anticorrugation. In the first
approach [13], the authors considered the tip-sample interaction as a mechanism which
might lead to the anticorrugation. They claimed that this effect should be present
on some surfaces of fcc metals. In the second approach [16], the authors predicted
bias-voltage-dependent corrugation reversal for STM images of bcc(110) surfaces. It
is important to mention here that the effect of corrugation reversal was calculated
to be a result of changes in the applied bias voltage and not due to changes in the
tip-sample distance. They showed theoretically that due to competitive contributions
at different bias voltages of the surface resonance states to electronic structure of
transition metal surfaces the bias-voltage-dependent corrugation reversal might exist.
Also, it was mentioned [16] that the effect of corrugation reversal should be common
for all transition metals. Finally, in the third approach [17] the dependence of the
electronic structure of the Fe(001) surface on the electric field strength has been in-
vestigated. As in [16], the authors also considered the competitive contribution of
the surface resonance states to the surface electronic structure, but in this case the
most dramatic changes (e.g., the appearance of anticorrugation) were predicted to
be due to changes in the electric field strength (e.g., STM images have to depend on
the tip-sample distance at a given bias voltage). It should be noted that the Cr(001)
electronic structure is similar to Fe(001) and the appearance of anticorrugation on
atomically resolved images of Cr(001) has been discussed in this paper.
Although the anticorrugation has been observed on the Cr(001) surface [10], two
questions remain to be answered: (i) are chromium atoms always seen as depressions
in an STM image (ii) if corrugation reversal takes place which theoretically proposed
mechanism can explain it. A lack of experimental investigations stimulated us to
study the dependence of atomically resolved images, obtained on the Cr(001) surface,
on the tip-sample distance and on the applied bias-voltage.
To check the possible dependence of corrugation on the tip-sample distance, we
obtained atomically resolved images at a given bias voltage and different tunneling
currents. We observed only an increase of corrugation at smaller distances. The
largest corrugation we achieved was 5pm at the tunneling setpoint Vs = −10mV,
I = 5nA. No corrugation reversal has been found. However, it should be mentioned
that these experimental observations do not exclude the possibility that corrugation
reversal is caused by changes in the electric field strength. As was mentioned above,
the second and the third proposed mechanisms of corrugation reversal were based
on the idea that there is a competitive contribution of surface resonant states to the
surface electronic structure and that this competition can be influenced either by the
electric field [17] or by the applied bias voltage [16]. In [17] the authors calculated the
dependence of the Fe(001) electronic structure at a very large electric field strength
(0.9V/A˚). It is very difficult to achieve such fields experimentally.
In order to investigate the possible corrugation reversal as a consequence of the
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applied bias, we obtained STM images in a dual mode (e.g., the forward line was
recorded at negative sample voltage and the backward line at positive sample voltage
with a delay time between scans of 5000ms) at different bias voltages keeping the
tip-sample distance constant. In this way, we were obtaining two STM images rep-
resenting the same surface area but recorded at opposite sample voltage during one
scan. The results are shown in Fig. 4.3. The images are constructed in the following
way. The scanned surface area is divided into two parts where the upper part is shown
by an STM image at negative sample voltage and the bottom part at positive sample
voltage. The border between the two parts is shown by an arrow. The upper part
of Fig. 4.3a shows the atomically resolved Cr(001) surface area at Vs = −200mV
and the bottom part at Vs = 200mV. Following the two lines, which cross the image
from top to bottom, one can see that protrusions at negative sample voltage evolve
into depressions at positive voltage. Since the image has been obtained in dual mode,
the STM images at negative and positive voltages were recorded on the same surface
area, therefore we can conclude that there is a certain corrugation dependence on
the applied bias voltage. Studying the corrugation dependence for different voltages,
we found that already at Vs = ±50mV (Fig. 4.3b) the corrugation reversal is not
complete. One can see that lines which are drawn through the maximum of protru-
sions on the top do not go through minima of depressions on the bottom part of the
figure. Already at Vs = ±40mV (Fig. 4.3c) the corrugation reversal is very small and
at Vs = ±30mV (Fig. 4.3d) it disappears (e.g., at a bias voltage of 30mV there is
no contrast between STM images at positive and negative bias voltages). At smaller
bias voltages, the contrast between positive and negative voltages appears again (Figs.
4.3e and 4.3f) but it is very small and never becomes complete.
From a first glance it seems that we indeed observed the corrugation reversal for
STM images of Cr(001) as a function of applied bias voltage. However, one has to be
very careful with such an important conclusion and to consider all possible artefacts
which can influence the experimental data. Tip properties, thermal drift and piezo
tube creep can distort STM images. We concluded that tip changes and thermal drift
are not responsible for the corrugation reversal which has been observed. However the
piezo tube creep can not be so easily excluded from considerations. It is suspiciously
strange that in Fig. 4.3c,d,e,f the atomic rows are not shifted by half an atomic
period (e.g., for the corrugation reversal one would expect that the atomic protrusions
would appear on the depression sites). Therefore, we can conclude that the piezo
creep, which although can not explain completely the observed dependence on the
bias voltage, has some influence on the measured STM images. In order to exclude
all possible artefacts, one has to investigate the corrugation reversal in a different
way. One should obtain STM images in dual mode where one scan direction has to
correspond to the bias voltage at which no changes occur any more, and the second
scan direction has to be taken at different bias voltages. During these measurements
no tip changes are allowed. It is also useful to have an impurity on the surface in
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order to determine the hollow site. We did not succeed in obtaining such experimental
data. Therefore, we can only say that the investigation of the corrugation reversal on
the Cr(001) surface is very promising, but no definite conclusion can be made on the
existing experimental data and further investigations are required.
4.3 Surface preparation by the cleavage technique
As we mentioned above, Scanning Tunneling Microscopy is a technique for studying
conducting surfaces. As it follows from such a definition, a method for preparation of
a well characterized surface is a key for successful research. Not many metal surfaces
can be studied by an air STM because most of them oxidize almost immediately
upon exposure to air. Moreover, even STM study on surfaces of noble metals is
restricted in air (e.g., spectroscopic investigations in air are almost impossible to
perform due to the fact that there always exists a thin layer of absorbed water on the
surface). These difficulties forced researchers to build STMs operating in an ultra-
high vacuum environment and also to invent preparation techniques which allows to
obtain atomically clean and flat surfaces under UHV conditions.
The sputtering-annealing technique is a widely used method for surface prepara-
tion under UHV conditions. Its main idea is that at elevated temperatures particular
impurities segregate to the surface and they can be removed by Ar+ sputtering. Re-
peating the sputtering and annealing procedure in cycles for many hours high quality
surfaces can be achieved for some metals. However, some metals (e.g., chromium [18],
vanadium [19]) still show high residual impurity concentration after final annealing
which is necessary to obtain flat surface for STM studies. The problem of impurity
segregation for chromium can be apparently overcome by growing a thin layer of Cr
on a substrate, however the influence of the substrate on the magnetic and electronic
properties of Cr remains unclear.
Another method for atomically clean surface preparation is a cleavage technique.
It allows us to obtain cleavage surfaces of semiconductors [3], layered materials [20],
High-Tc superconductors [21, 22] and other brittle materials.
It has been known for a very long time that some materials fracture without very
much plastic deformation. Such materials are said to behave in a brittle manner.
Although the brittle fracture of solids is an everyday phenomenon, it is not at all
thoroughly understood. It has been extensively studied on a macroscopic scale mainly
because of its economic importance, but only recently a more detailed understanding
begins to emerge from microscopic investigations and numerical simulations. One of
the techniques which allows us to investigate brittle fracture on the atomic scale [23] is
Scanning Tunneling Microscopy. Actually, the STM technique and the brittle fracture
of solids compliment each other in the sense that the STM gives an opportunity to
learn more about the fracture mechanism and from the other hand the brittle fracture
of materials can be used as a method to produce atomically flat and clean surfaces
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a b
Figure 4.4: (a) Topographic image (100X100 nm2) of a cleaved Bi(0001) surface
measured in the constant current mode (Vs=0.5V; I=0.1nA). Terraces separated
by single atom steps can be seen. (b) The atomically resolved Bi(0001) image with
a scan range 10X10 nm2. No image processing was performed apart from plane
subtraction. The apparent corrugation is 0.03 nm at Vs=50 mV and I=0.1nA.
for STM investigations.
From a thermodynamical point of view the fracture of ideally brittle materials can
be described by a Griffith law [24], which states that the energy released upon a crack
advance (G) must be equal the surface energy (γ) of the two freshly exposed fracture
surfaces: G = 2γ, where in anisotropic materials the surface energy must be weighted
by a function of the elastic constants [25]. In this way the cleavage surfaces of certain
solids can be determined. For example, it has been recognized that bismuth has the
(0001) cleavage plane [26]. Figure 4.4 shows an example of the surface morphology
which can be found on a cleaved Bi(0001) surface. The atomically resolved images
indicate that the cleaved surfaces have large areas of atomically flat and clean terraces.
The obvious question arises: is the cleaving process itself generating local defects. In
[27], the authors tried to answer this question as they observed that on atomically
smooth areas there exist electron states with typical energies of tens of meV which
are nonuniform in the surface plane over a distance of several lattice constants. The
authors came to the conclusion that the observed “lemon peel” structure is generated
by vacancies and interstitial atoms localized near the surface at a depth of about
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one nanometer. These defects are probably generated when atoms are displaced from
their initial positions in the process of cleavage and the relaxation energies of such
defects are found to be several electronvolts. From our side, we found that the surface
electronic structure can vary on screw and edge dislocations which can be found on
the cleaved surfaces. To sum up, surfaces produced by the brittle fracture of materials
can indeed exhibit point and line defects produced during the cleavage. However, the
concentration of these defects is still much lower than typical impurity concentration
which is found on surfaces obtained by the sputtering-annealing technique. In this
sense the cleavage method produces much more perfect surfaces than the sputtering-
annealing approach.
We found that the surface morphology of cleaved Bi(0001) surfaces can vary sig-
nificantly from one experiment to another (e.g., terrace width can vary from several
nanometers to a few hundreds of nanometers; combination of atomically flat terraces
with surface areas which are rough on nanometer scale can also be found). Based on
these observations an obvious conclusion can be made: the fracture dynamics can not
be described completely by taking into account only energy considerations. Indeed,
it was found that the morphology of cleaved surfaces is not consistent with a thermal
equilibrium state [28] but is a dynamically determined process. Here, we concentrate
on two aspects of this problem: directional anisotropy and the dependence on the
crack propagation speed.
Crack propagation speed Before fracture occurs, elastic energy is loaded into
the system by increasing the externally applied strain. When the point of failure is
reached this potential energy is released by creation of a new surface area and the
conversion to kinetic energy of the atoms involved. The kinetic energy is subsequently
dissipated within the surrounding bulk material. According to the Griffith law [24],
in an ideally brittle material, crack extension takes place if the crack is supplied with
a driving force larger than the specific energy (G) required to create the fracture
surfaces. This threshold driving force is called the critical energy release rate (Gc).
According to this model, a crack should propagate through a material with a speed
equal to the Rayleigh wave velocity (cR). The following questions can be put for-
ward: How does the crack respond to a driving force that is significantly larger than
required? What is limiting the velocity in brittle crystalline materials? Continuum
mechanical considerations have so far no complete answer to these questions. From
an experimental point of view fracture experiments on amorphous materials, such as
polymethylmetacrylate and glass, have revealed that cracks do not propagate faster
than about (0.4 -0.5)cR [30, 31]. These experiments also showed that the fracture
surfaces are only smooth and mirror-like if the driving force is close to Gc. If the
driving force is increased and the crack thus exceeds a critical velocity, the fracture
surfaces become rougher and exhibit so-called mist and hackle morphology. Similar
results have also been obtained for the fracture of crystalline materials. Nanoscale
investigations of cleaved surfaces of GaAs [29] have revealed that a slowly propagat-
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Figure 4.5: (a) Schematic representation of the six different areas of the fracture
surface of 2.9x0.6 mm GaAs sample. (b) Area 3 with a scan 350x250 nm2; the z
scale in 0.8 nm. (c) Area 4 with a scan 150x100 nm2 and z scale of 1 nm. Taken
from [29]
ing crack produces smooth surface, whereas fast cracks produce rough morphology.
In this case, the cleaved surfaces can be characterized in terms of the characteristic
areas (Fig. 4.5). Briefly, their results can be described as follows. Area 1 shows
rough steps with GaAs fragments from notching. Area 2 shows large, atomically flat
plateaus, separated by monoatomic steps. Areas 3 and 4 show a furrowed structure
which is rougher for the area 3. Area 5 shows atomically flat plateaus separated by
macroscopic steps which are significantly higher than those in area 2. Area 6 has very
rough morphology.
Directional anisotropy. As we have mentioned above, the Griffith law leads
to an important conclusion: crystal lattice planes with the lowest surface energy
are energetically favored as cleavage planes. A perfectly brittle crack in a crystal
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Figure 4.6: (a) “Facetting” of a [010]-oriented crack front into directions of easy
propagation is possible for all initial orientations of the crack front on (100); (b),
(c) “ easy” and “tough” crack propagation directions in the (b) (100) and (c)
(110) cleavage planes. Taken from [32]
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Figure 4.7: a) dI/dV and (dI/dV )/(I/V ) spectra measured on V(001) (1 × 5).
The peak energies are 0.68 eV and 0.53 eV for the differential conductance and
the normalized differential conductivity, respectively. b) Simulated spectra using
a surface density of states in the form of single peak Lorentzian with amplitude
S = 30, energy ES = 0.62 eV and full width at half maximum Γ = 0.55 eV.
The dashed curve shows the Lorentzian used for the simulation. Obviously, the
peak energy in the LDOS is different from both the peak energy in dI/dV and
(dI/dV )/(I/V ).
is therefore expected to choose a cleavage plane with lowest surface energy and to
propagate on this plane with equal ease in all directions. From an atomistic point
of view the situation is different. Pioneering atomistic studies [33, 34] showed that
the discreteness of the lattice manifests itself in the lattice trapping effect. Lattice
trapping causes the crack to remain stable and not to advance until loads somewhat
larger than the Griffith load are reached. Lattice trapping may also depend on the
direction in which the crack tip bonds are broken and may therefore be different for
crack propagation along different crystallographic directions on the cleavage plane
[32, 35, 36].
This theory of directional anisotropy for crack propagation is put to the ultimate
test by cleavage of bcc crystals. It is known that the elastically (almost) isotropic
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material tungsten has a markedly lower surface energy of the closed packed (110)
surface [37]. Despite this fact it has been shown that the stress intensity necessary
to break a tungsten single crystal is smaller for the (100) cleavage plane than for
the (110) [35]. These results can be explained by atomistic simulations [32], which
suggest that the observed anisotropy is a consequence of anisotropic lattice trapping.
The authors found that the easy crack propagation direction on the (100) plane is
[01¯1] direction and on the (110) plane [001] direction is more favorable. As shown
in Fig. 4.6, the (100) plane is favored over (110) cleavage plane because of the more
favorably oriented glide systems. On the (100) plane, the “easy” directions are at
450 to the “tough” directions. Therefore, when the applied load tries to drive a crack
along a tough direction, the crack can readily facet into “easy” segments, and thus
will still experience a driving force. Therefore, an arbitrary oriented crack front will
always find a vehicle of one or two easy propagation directions and will always exert
a significant driving force along the easy direction. In contrast, the forces which
would drive the crack situated on the (110) plane in one of the “tough” directions
would generate no driving force on any of the “easy” directions because the two sets
of directions are orthogonal to each other. As a consequence, an arbitrarily oriented
crack front on the (110) plane will encounter only one easy propagation direction, and
it will not in general be able to follow it for more than a short distance.
Summary In this thesis we are not going to dwell upon theoretical aspects of
the brittle fracture of solids. Therefore let us summarize the experimental results to
understand how atomically flat surfaces for STM studies could be obtained by brittle
fracture. An important parameter which determines the quality of cleaved surfaces
is the crack propagation speed. In conventional STM experiments the crack speed
for a certain material is apparently determined by the elastic energy which is loaded
into the system before the point of failure is reached. This energy can be controlled
by dimensions of the sample and the notch (scratch) on the sample. Geometric
discontinuities, which are collectively known as stress raisers or notches, cause the
stress to be locally elevated [38]. This fact lowers the load at which the fracture
occurs and therefore helps to obtain flat surfaces during the cleavage. However the
positioning of the notch is quite a tricky task [39]. Because it is never possible to
place the notch perfectly in the cleavage plane, the main idea is to place it in such a
way, that it would help the crack to begin at a lower load and then the crack should
be free to find its own path through the material. The positioning of the scratch on
the corner of a sample , just above the top of the clamp, seems to be a fine solution.
Another question which we would like to answer here is where to look for a “good”
surface. As we mentioned above the morphology of cleaved surfaces is quite compli-
cated. Because in many STM systems it is only possible to scan a small fraction of
the cleaved surface it is necessary to initially align a tip with respect to the sample in
such a way that a flat surface could be found. Generally speaking, no uniform advice
can be given here as the cleaved surfaces would be different depending on the shape
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of the sample, the notch and on the material itself. However, it is clear from [29] that
the front and back sides of the sample exhibit very rough surface relief, therefore in
our experiments we aligned the tip approximately in the center of the sample plane.
4.4 Basics of Scanning Tunneling Spectroscopy
Since the invention of the scanning tunneling microscope, scanning tunneling spec-
troscopy has been recognized as a powerful tool for investigation of the electron states
of the sample surface with atomic spatial resolution. It is based on the relation of
tunneling current to local electronic structure of the sample. In practice, one usually
compares the dependence of the differential conductance (dI/dV ) on the applied bias
voltage with the calculated local density of states at the position of the tip-apex [40].
In a one-dimensional model, the connection between the two is given by [41]:
dI
dV
≈ ρ(eV )exp(−2κd), (4.2)
where κ is the inverse decay length given by κ = [(2mφ¯)/~2 + κ2‖]
1/2 with φ¯ =
[(φt +φs)/2−E+(eV/2)] the average barrier height between the tip and the sample,
d the vacuum gap and κ‖ the parallel wave vector. This relation shows that although
dI/dV is proportional to the sample DOS ρ, it is scaled by the barrier transmission
probability for electrons. Furthermore, it shows that the tunnel current is dominated
by states with κ‖ = 0, i.e states at the center of the surface Brillouin zone. Con-
ventionally it is assumed that the transmission probability is a monotonic function of
the voltage, and thus dI/dV is a good measure of the surface DOS. It has also been
proposed to normalize dI/dV , i.e. (dI/dV )/(I/V ) [41]:
dI/dV
I/V
=
ρ(eV ) +
∫ eV
0
ρ(E)
T (eV,eV )
d
d(eV ) [T (E.eV )]dE
1
eV
∫ eV
0 ρ(E)
T (E,eV )
T (eV,eV )dE
(4.3)
The advantage of this method is that the exponential dependence of both the tunnel
current and the differential conductance on the tip sample distance and bias voltage
tends be factored out. In this way, measured curves will be less dependent on the
tip sample distance and therefore on the actual set-points used during spectroscopy.
Furthermore, the increase of the background at high voltage tends to cancel which
makes surface states appear more pronounced in (dI/dV )/(I/V ). Also some other
DOS deconvolution methods were proposed [42] but they require complicated and
time consuming analysis of experimental data.
Fig. 4.7a shows tunneling spectra measured on the reconstructed V(001) surface
[19]. It is obvious that the peak positions in dI/dV and (dI/dV )/(I/V ) are not the
same and therefore it is a priori not clear which spectrum should be compared to the
calculated surface DOS.
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Figure 4.8: Difference (∆) between the peak position in the LDOS and the posi-
tion of the peak appearing in the calculated curves as a function of Γ and S for an
ES of 0.6 eV. a) differential conductance, b) normalized differential conductance.
In order to elucidate this discrepancy, simple model calculations are performed
[43]. Following Li et al. [44], we write for the tunnel current:
I ∼
∫ ∞
−∞
ρ(E)[f(E − eV )− f(E)]exp(−2κd)dE, (4.4)
where f(E) is the Fermi function and ρ(E) is the surface DOS of the sample. This
model assumes that the tip is far enough from the surface so that tip-sample in-
teraction can be neglected and that the tip has a featureless DOS. The momentum
dependence of the tunneling matrix elements is neglected, since we consider only
states at κ‖ = 0. The energy dependence of the tunneling matrix elements is included
via κ = [(2m)/(~2)φ¯]1/2 with φ¯ given by [(φt + φs)/2−E + (eV/2)]. For the sample
ρ(E) we take a constant background NB of bulk states at the surface plus a contri-
bution from the d-like surface state. This surface state contribution is simulated by
a Lorentzian line-shape. The surface DOS is thus given by:
ρ(E) ∼ NB + NSΓ
2/4
(E −Es)2 + Γ2/4 . (4.5)
ES is the energy of the surface state and Γ is related to the surface state lifetime
τ via Γ = ~/2τ . For the simulations, only the ratio NB/NS = S is important. In
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our calculations we have simulated only empty states because the tunnel probability
at negative sample bias is largest for sample states at the Fermi level and therefore
filled states which lie far below the Fermi level can be hardly observed by tunneling
spectroscopy. In contrast, since at positive sample bias the tunnel probability is largest
for empty sample states at the bias voltage and due to the collapse of the tunnel barrier
for states closer to the work function, empty states are easily experimentally observed.
In order to verify the approximations made, the experimentally measured spectra
of Fig. 4.7a have been fitted to dI/dV and (dI/dV )/(I/V ) obtained from Eq. 4.4. The
results are shown in Fig. 4.7b. As fitting parameters an Es of 0.62 eV, Γ of 0.55 eV,
and S of 30 were used. The work-function for the sample was taken to be 3.8 eV as
calculated for the V(001) surface [19], while for the work-function of the tip a value of
4.5 eV was used [45]. A tip sample distance of 1 nm was used and for the temperature
entering the Fermi functions a value of 300 K was used. The good agreement between
the calculated (Fig. 4.7b) and measured curves, including reproducing the different
peak positions in dI/dV and (dI/dV )/(I/V ), confirms the validity of the simple model
used. The model surface DOS is also shown in Fig. 4.7b. It should be noted that the
peak energy of the Lorentzian used in the calculation does neither coincide with the
peak position in dI/dV nor with the position in (dI/dV )/(I/V ).
By means of our calculations we have analyzed the influence of the DOS param-
eters [i.e. peak strength (S), peak position (ES), and full width at half maximum
(Γ)] on the peak parameters of the simulated dI/dV and (dI/dV )/(I/V ) spectra. For
simplicity, the following calculations have been performed for 0 K.
Fig. 4.8a shows the peak shift ∆, defined as the difference between ES and the
peak position in the simulated dI/dV spectra as a function of S and Γ forES = 0.6 eV .
Obviously, the peak positions in dI/dV do not generally coincidence with the peak
energies of the sample DOS. Due to the exponential background, the peak position
has shifted to higher energies and can therefore not directly be related to the peak
energy in the sample DOS. The peak shift is rapidly increasing with increasing Γ
at constant S, while the increase with S is less strong and becomes unnoticable for
S larger than ∼10 in the whole Γ regime studied. Increasing S eventually leads to
negative values of dI/dV at the high energy side of the peak, an effect which can be
experimentally observed as well [19].
In Fig. 4.8b we present calculations of the peak shift observed in the normalized
differential conductance. Although the normalization tends to reduce the background
term, the peak positions do not generally coincidence with the peak energies of the
sample DOS. The peak position in (dI/dV )/(I/V ) can even shift towards lower en-
ergies.
Our calculations show that another important parameter which determines the
peak shift is ES . The physical reason behind this is the rapid increase of the back-
ground at high voltages. Fig. 4.9a shows the peak shifts in dI/dV as a function of
ES and Γ for an S of 10.
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Figure 4.9: The same as Fig. 4.8 but as a function of Γ and ES for an S of 10.
As can be seen there is almost no peak shift for small ES , due to a negligible
background for small voltages. For higher energies the peak shift is mostly determined
by the width of the Lorentzian as in the case shown in Fig. 4.8a.
The situation is completely different for the normalized conductance as shown in
Fig. 4.9b. Here ES plays an important role in determining the position of the peak
in (dI/dV )/(I/V ). With an increase of ES the peak in the normalized differential
conductance moves to lower energy with respect to the peak in the surface DOS.
As a summary for the calculation of the dependence of the peak position in the
dI/dV and (dI/dV )/(I/V ) spectra on Γ and ES , we can conclude that direct compar-
ison of the measured peak position using the differential conductance or its normalized
value is only possible for states with small Γ and low ES . Even under these condi-
tions, the error in the peak position, as determined from an experiment, can be as
large as 20 meV compared to the sample DOS. For large Γ the peak position found
from dI/dV has shifted to higher energies and can not be directly compared to DOS
calculations. The normalized differential conductance shows smaller peaks shifts but
in this case the peak energy has shifted towards lower energies. This error increases
for states at high energy and having large Γ. It is not easy to give a simple recipe
whether one has to use the differential conductance or the normalized differential
conductance to compare to surface DOS calculations. The usage of dI/dV for surface
states with small peak width and energies close to EF and (dI/dV )/(I/V ) for peaks
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Figure 4.10: a) Depicted definition for full width at half maximum of a peak ob-
served in the tunneling spectra. b) Full width at half maximum in the differential
conductance for ES = 0.6 eV and S=1, 5, 10, 15, given by the definition depicted
in Fig. 4.10a, as a function of Γ. c) the same as Fig. 4.10b but for the normalized
differential conductance.
with large width and high energies gives the smallest error in the determination of the
surface state peak energy. However, for detailed analysis simulations of the spectra
are necessary for comparison of experimental data to DOS calculations. It should
be remarked that for the bcc(001) surface states detected by STS until now (i.e. Fe
[46, 47], Cr [18, 46, 48] and V [19]), the surface states were both close to the Fermi
level and sharp (full width at half maximum smaller than 0.2 eV) which justifies the
usage of dI/dV in comparison to the calculated LDOS.
Another important parameter characterizing a surface state is its lifetime. Lo-
calized surface states might not be expected to carry current. However, numerous
experiments have shown that surface states can be imaged by tunneling microscopy.
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Electron-electron and electron-phonon scattering effects have been suggested as mech-
anisms which couple surface states to extended bulk states. The relaxation process
from the surface to the bulk state can be characterized by a certain time which is the
lifetime of the surface state. From a practical point of view one usually determines
the surface state lifetime from the experimentally measured peak width.
We analyzed the artificial broadening of the peak found in the differential con-
ductance and the normalized differential conductance, due to the presence of the
exponential background term. We used as a definition for the full width at half max-
imum (fwhm) that depicted in Fig. 4.10a. As our study showed this definition is
simple to use for a practical analysis of experimental data and gives a simple relation
between the full width at half maximum of the peak in dI/dV or (dI/dV )/(I/V )
and the Γ of the sample DOS. As one can see the peak width in differential conduc-
tance (Fig. 4.10b) or normalized differential conductance (Fig. 4.10c) can be directly
compared only for peaks with small width and large amplitude. Peaks having large
Γ and small S are artificially broadened by the background and become eventually
shoulders on the spectra. As in the case for a peak shift, direct comparison becomes
impossible for states laying at high energy for smaller Γ as compared to states laying
at low energy.
Concluding, it is common use to compare tunneling spectroscopy measurements
directly to the density of states in the vacuum obtained by band-structure calcula-
tions. However, as is shown here, characteristics of the recently discovered strong
surface states on the 3d bcc(001) surfaces of Fe, Cr and V, may be different in differ-
ential conductance dI/dV and normalized differential conductance (dI/dV )/(I/V ).
This is illustrated for the V(001) (1× 5) surface where the peak positions in dI/dV
and (dI/dV )/(I/V ) differ by 0.1 eV. To clarify this discrepancy, we have performed
model calculations of the tunnel current using a single peak Lorentzian as a first
order simulation of the 3dz2 density of states. Despite the simplicity of the model,
the measured curves can be reproduced quite well including effects like peak shifts
and negative differential conductivity. Our calculations showed for what set of pa-
rameters, the peak positions and widths found in dI/dV and (dI/dV )/(I/V ) curves
are different with respect to the true surface DOS. The deviation becomes large for
surface states with large widths and high energies. A simple analysis of these devi-
ations are presented. Calculated curves were compared with measured dI/dV and
(dI/dV )/(I/V ) curves on the V(001) (1× 5) surface.
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Chapter 5
Scanning Tunneling
Microscopy and Spectroscopy
investigations on ultra-clean
Cr(001) surfaces
5.1 Atomically flat and clean Cr(001) produced by
cleavage technique∗
Using fracture of Cr single crystals at liquid helium temperature, we were able to
obtain atomically clean and flat Cr(001) surfaces. Cleaved surfaces have been char-
acterized by means of Low-Temperature Scanning Tunneling Microscopy and Spec-
troscopy techniques. Atomically resolved images taken at different locations on the
cleaved surfaces show clearly the atomically resolved Cr(001) lattice with four-fold
symmetry. The impurity concentrations did not exceed the bulk concentration, e.g.,
the brittle fracture process does not appear to cause segregation of impurities to the
surface. Larger scans revealed that the cleaved surface consists of clean terraces sep-
arated by monoatomic steps with widths from a few to several hundred nanometers
belonging to the (001) cleavage plane. We also found that the Cr(001) cleavage plane
yields [100] and [110] steps.
∗Part of the results presented in this section have been published previously: Atomically flat
ultra-clean Cr(001) surfaces produced by cleavage of a single crystal: Scanning Tunneling Microscopy
and Spectroscopy study, O.Yu. Kolesnychenko, R. de Kort, and H. van Kempen, Surface Science
490(1-2), L573-L578 (2001).
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5.1.1 Introduction
With the fast growing field of nano-device applications in recent years, surface science
has witnessed intense research on the electronic properties of metal surfaces at the
atomic scale because they can influence phenomena such as gas adsorption, growth
mode, and surface magnetism [1]. In order to understand and eventually construct
theoretical models of these important physical phenomena, it is necessary to have
conclusive experimental data on perfect surfaces (defect-free and atomically clean) and
preferably obtained at low temperatures. The understanding of such perfect systems
is the key for modeling more complicated effects which may happen on surfaces.
Among non-ferromagnetic 3d metals, chromium occupies an important place [2] as
it is frequently used in magnetic multilayers. Here, the knowledge of surface magnetic
and electronic properties of the Cr surface plays a crucial role for the understanding
and therefore proper construction of such multilayers. Already in the seventies, it
was theoretically recognized that the Cr(001) surface is ferromagnetic with a huge
magnetic moment (2.4µB-3.0µB) in comparison to the bulk (0.59µB) [3, 4]. However,
the surface magnetic moment obtained experimentally varies significantly (1.7µB [5]-
2.4µB [6]). It has been pointed out in [6] that the significant scattering of experimental
data on Cr is caused by the influence of surface defects and contamination which
effect the reported data. Here, Scanning Tunneling Spectroscopy (STS) can be of
high value as it permits to obtain detailed knowledge about electronic structure of
perfect surfaces and of defects on an atomic scale. However, research on transition
metals and particularly on Cr by STS has been hampered by severe experimental
difficulties. Even after Cr sample cleaning by extended cycles of Ar+ ion etching
and annealing over a time period of several hundred hours, topography scans show
the presence of impurities [7, 8] caused by segregation of residual contaminants to
the surface during the annealing procedure. This experimental bottleneck has not
allowed STS measurements to be performed on atomically clean Cr surfaces of bulk
single crystals and at low temperatures so far.
All these difficulties which faces ultrahigh vacuum STM operating at room temper-
ature are strongly diminished if one uses low-temperature STM (LTSTM) combined
with atomically clean surface preparation by cleavage at helium temperature (see Sec.
4.1). This method of surface preparation is well known for semiconductors [9, 10] but
has never been used for 3d transition metals. Since the STM is cooled down to helium
temperature, the vapor pressure of oxygen is extremely low (< 10−15Torr); therefore,
surfaces which normally oxidize very quickly can stay clean under these conditions for
many days. Moreover, the stability of LTSTMs is much better because at low tem-
peratures thermal expansion coefficients are almost zero. In addition, high resolution
spectroscopic measurements become possible since the thermal broadening at helium
temperatures is small (3.5kBT≈1.4meV).
It is not a trivial problem to predict the favorable cleavage plane for brittle frac-
ture in crystalline materials. As we discussed in Sec. 4.3, the fracture toughness
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Figure 5.1: A pictorial view showing initial alignment of the tip with respect to
the sample plane and the sample orientation with respect to the cleaver.
experiments [11] showed that the stress intensity necessary to break a tungsten sin-
gle crystal is smaller for the (100) cleavage plane than for (110). It was proposed
that this phenomenon should be general for brittle fracture of all bcc metals [11, 12].
However, it should be mentioned that these experimental studies of fractured surfaces
were restricted only to optical observations and only on one bcc metal (tungsten) [11].
The low resolution of this experiment did not allow conclusive proof of whether the
cleavage of bcc metals can produce atomically clean and flat surfaces.
5.1.2 Results and Discussions
For detailed in situ analysis of Cr(001) fracture surfaces, an LTSTM with a sample
cleaver at helium temperature, which is described in Sec. 4.1, has been used. All
measurements were performed with mechanically cut PtIr tips. The samples used in
all the experiments were in the form of 0.5mm×0.5mm×6mm bars, which were cut
from a 99.99% chromium single crystal by spark erosion along the [001] direction. In
order to obtain a cleaved surface, the sample was placed in a sample holder, as shown
in Fig. 5.1. Because our STM is not equipped with in situ sample displacer and a
scan range at low temperatures of about 1µm × 1µm, the tip was initially aligned
with respect to the sample in such a way that the chance to find a flat surface area
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was maximal. As we discussed in Sec. 4.3, the front and back sides of cleaved surfaces
have always a very rough morphology, therefore we aligned the tip approximately as
shown in Fig. 5.1 (e.g., as we found the back sides of cleaved Cr(001) samples are often
very irregular on a larger area due to the fact that the crack often begins above or
below the level at which the backside of the sample is clamped by the sample holder).
After mounting in the experimental setup described in Sec. 4.1, pumping out and
cooling, the sample was cleaved at 4.2K in a high vacuum environment by winding up
a wire which forced the slider to move forward. The surface morphology could then
be studied by taking STM images. The cleaved surfaces were also analyzed in air by
optical microscopy and for some samples by Scanning Electron Microscopy (SEM)
and Atomic Force Microscopy (AFM) in order to characterize the cleaved surfaces on
a micron scale.
Figure 5.2 shows typical surface morphologies which were found on the cleaved
Cr(001) samples. As can be seen, a typical surface on a macroscopic scale consists
of large steps which separate rather smooth terraces. Sometimes very rough areas
were found at the front and the back sides of the cleaved surfaces. In some experi-
ments these rough parts were very extended to the middle of the cleaved surface. In
these cases the macroscopic cleavage plane was found to deviate significantly from
the (001) crystallographic plane. In general, these observations are in agreement with
macroscopic observations reported by Riedel and co-workers [11]. However, as can be
seen from SEM images, the terraces themselves can exhibit rather rough morphology
(Fig. 5.2c) as well as flat on nanometer-scale (Fig. 5.2f). To sum up, cleaved Cr(001)
surfaces have large and apparently smooth terraces if the cleavage plane corresponds
to the (001) plane and are very rough if the cleavage plane deviates from (001) due
to initial macroscopic conditions. However, no conclusion could be drawn here on the
surface flatness on an atomic scale. Also orientation of monoatomic terraces, which
is important to know for the correct understanding of the cleavage of bcc metals [6],
remains unknown. The only way to answer these questions, is to obtain images of the
cleaved surfaces on the atomic scale.
Figure 5.3a shows a topographic image of the Cr surface obtained by cleavage
of a chromium single crystal oriented in the [001] direction. The surface consists
of atomically flat (001) terraces separated by monoatomic steps, which run in the
[100] direction. Figure 5.3b shows the height profile between points A and B in
Fig. 5.3a. From the line profile one can see that the step edges appear to be bent
upwards. A possible explanation might be the charge transfer, which can be present
on irregularities, such as steps or kinks [13]. Another possible explanation might be
the increase of the density of states around the Fermi level due to surface energy-band
narrowing because atoms at the step edge or at the kink have fewer nearest neighbors
than atoms at terrace sites.
Figure 5.4 shows the image of the atomically resolved Cr(001) lattice with the four-
fold symmetry of bcc(001) surfaces and an apparent corrugation of 1.5 pm. The atom-
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Figure 5.2: (a) An optical microscope image of the cleaved Cr(001) surface show-
ing smooth surfaces separated by macroscopic steps; (b)-(e) SEM images obtained
on smooth surface areas showing the surface morphology on a micron-scale. (f)
An AFM image obtained on a terrace as shown in Fig. 5.2d. The image shows a
step of 1 nm height which separates apparently flat terraces. All samples shown
on this figure have been exposed to air.
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Figure 5.3: a) Topographic image (10 nm×10 nm) of a cleaved Cr(001) surface
measured in the constant current mode (Vs = −400 mV; I = 100 pA). The arrows
show the crystallographic directions. Terraces separated by single atom steps can
be observed. b) A line profile between points A and B in Fig. 5.3a.
ically resolved STM images taken at different places on the cleaved surface showed
that the concentration of impurities on the surface does not exceed the bulk con-
centration, e.g., the brittle fracture process does not appear to cause segregation of
impurities to the surface.
The study of cleaved Cr(001) surfaces revealed that, depending on the orientation
of the macroscopic cleavage direction to the natural easy crack propagation directions,
different types of topography images can be found. Figure 5.5a shows the narrow
terrace structure of the Cr(001) single crystal surface. The average terrace width is
2.6 nm. The miscut angle on this part of the cleaved surface is found to be 3o. The
step edges run perfectly parallel to each other in contrast to terraces obtained by
epitaxial growth of Cr [14] although it should be mentioned that on rare occasions
pinning sites can be found. These narrow terraces can be potentially used for nanowire
growth [15]. The step edges act as preferential nucleation sites for metal adatoms due
to increased coordination with respect to the terrace sites. Such nanowire systems are
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Figure 5.4: The atomically resolved Cr(001) image with a scan range of
3 nm×3 nm. No image processing was performed apart from plane subtraction.
The apparent corrugation is 1.5 pm at (Vs = −50 mV and I = 0.5 nA). No residual
surface contamination was found. Bottom: line profile between points A and B.
of great current interest for spin-polarized STS studies [16]. It should be mentioned
that these type of topography images were the most common for the samples we have
studied so far.
Figure 5.5b shows an STM image of 100nm×100nm with large terraces with a
width which can reach hundreds of nanometers. The terraces are atomically flat
and clean. This method of surface preparation presents an alternative for studying
growth on extremely clean chromium substrates. On some occasions particles of
unknown origin are found. They might originate from the chromium itself, but also
the possibility of contamination from the tip or piezo scanner cannot be excluded.
In Fig. 5.5c, we present a topographic image of 100nm×100nm which shows that
the Cr(001) plane offers two independent directions for crack propagation at an angle
of 45o to each other. From atomic resolution images these two directions can be
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Figure 5.5: Topography images of four different types of cleaved Cr(001) sur-
faces. The crystallographic directions are shown on all images by arrows. a)
100 nm×100 nm (Vs = −400 mV; I = 100 pA) with terraces of a few nanome-
ters. b) 100 nm×100 nm (Vs = −400 mV; I = 50 pA) shows large atomically
flat terraces hundreds of nanometers wide. c) 100 nm×100 nm (Vs = −400 mV;
I = 100 pA) shows large atomically flat terraces with two crack propagation direc-
tions, which form the angle of 45o between each other. As in figure (b) a double
tip effect can be seen. d) 20 nm×20 nm (Vs = −400 mV; I = 100 pA) showing
the Cr(001) cleaved surface with a large number of kinks on the step edges. The
arrow 1 shows a kink and the arrows marked 2 indicate adatoms.
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identified as [100] and [110] crystallographic directions. As we discussed in Sec. 4.3,
for tungsten it has been suggested [11, 12] that on the (001) plane the [110] directions
are easy propagation directions and the [100] direction is the tough one. It means that
the crack should microscopically follow the [011] directions creating the monoatomic
steps oriented in the same direction (see Fig. 4.6). Our observations show that there
exist two (e.g [100] and [110]) energetically favorable crack propagation directions
within the Cr(001) plane. We found no preference for steps oriented in the [110]
directions. Actually as it seems from our observations, steps oriented in the [100]
directions were more common. We always found segments of [100] orientation for the
steps oriented in [110] direction. From these observation we can suggest, that the
crack preferably follows [100] crystallographic directions and does not propagate for
long distances in the [110] directions. These observations are in disagreement with
theoretical calculations [12], but the final conclusion that the cleavage of bcc metals is
possible due to a more favorable gliding system for a crack propagating on the (001)
plane remains correct. Already in Fig. 4.6 one can see that even if the crack can
propagate with equal ease in both [110] and [100] crystallographic directions, the (001)
plane remains preferable as it offers more possibilities for a crack to advance forward.
However, in order to make a final conclusion more detailed atomistic calculations of
bcc metals cleavage, based on these observations, are required.
On some occasions, surface areas with a high concentration of imperfections on
the step edges were found (Fig. 5.5d). In contrast to surfaces in Fig. 5.3 and Fig.
5.5a, the step edges are not uniformly parallel and kinks can be seen. A large one
marked by arrow 1 can be seen in Fig 5.5d. This kink has a triangular shape which
supports the idea that two 45o oriented crack propagation directions are energetically
favorable. Also, adatoms on the step edges can be identified (marked by arrow 2).
We believe that this type of topography was found on that part of the surface where
the macroscopic crack propagation direction was different from both easy propagation
directions.
It should be mentioned that the cleaved surfaces were not always as perfect as
shown in Fig. 5.5. Sometimes the cleavage plane deviated completely from the (001)
crystallographic plane and in these cases the cleaved surfaces were very rough even
observed by optical microscope with no atomically flat terraces found by STM mea-
surements. However, also mirror like surfaces sometimes exhibited non-perfect mor-
phology on the atomic scale. Sometimes particles of different sizes were found on
cleaved surfaces. Figure 5.6a shows such a particle of nanometer size which is lying
on a rather perfect surface similar to the one shown in Fig. 5.5a. We believe that
these particles were produced during the cleavage process presumably in the front
part of the sample, as has been also found for the cleavage of GaAs samples [17]. In
our experiments those particles could be found as far as in the middle of the cleaved
sample. In some cases the concentration of particles was very high making STM
measurements almost impossible.
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Figure 5.6: A few examples of non-perfectly cleaved Cr(001) surfaces: (a)
(100×100 nm2) topographic image taken at Vb=-400 mV and I=0.1 nA shows a
particle presumably produced during the cleavage which is situated on the cleaved
surface consisting of monoatomic terraces; (b)-(d)(100×100 nm2) topographic im-
ages taken at Vb=-500 mV and I=0.1 nA present monoatomic terraces which ex-
hibit very rough step edges and many small particles which were presumably
produced during the cleavage; (e) (41×41 nm2) topographic image taken at Vb=-
500 mV and I=0.1 nA shows a zoom in view of terraces similar to those presented
in Fig. 5.6d; (f) (100×100 nm2) topographic image taken at Vb=-400 mV and
I=0.1 nA shows a wave-like structure found on a cleaved surface. The inset shows
a line profile between A and B.
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Figures 5.6b-d show cleaved surfaces consisting of monoatomic terraces, but in
contrast to terraces presented in Fig. 5.5, here the step edges are very rough and
irregular. If we zoom in on such a terrace (Fig. 5.6e), one can see that on the terraces
there are a lot of atomic clusters and it is very difficult to find large atomically flat
areas. As we have discussed in Sec. 4.3, such a furrowed structure was observed
previously on cleaved surfaces where the crack propagation speed exceeded its limit
(see Fig. 4.5). Such an explanation is very natural for the cleavage of chromium
single crystals because chromium is known to be a very strong material and therefore
a lot of elastic energy is loaded into the system by increasing the externally applied
strain before fracture occurs. Moreover, all our attempts to improved cleavage by
making a notch failed. In some cases, the crack even started not at the scratch but
above or below. We produced a notch by a diamond wire or by a razor. In both
cases we believe that by notching a sample we introduced a lot of plastic defects
destroying the atomic lattice. Due to this fact the crack could not find its own way
along the (001) cleavage plane. Another option for making a notch is spark erosion.
We did not try this method yet but it should be potentially good, because it is known
that spark erosion produces much less plastic deformation and at the same time this
method introduces micro-cracks which might also propagate in the cleavage plane
and therefore providing perfect nucleation for the macroscopic crack and reducing
the externally applied strain necessary for the fracture to begin.
Finally, in Fig. 5.6f we present an example of an apparently flat surface which
however has no atomically flat areas. Instead a wave-like structure is observed. This
structure has no relation with monoatomic terraces shown on the previous images.
Zoomed images show no traces of atomic order but only amorphous structure. We
do not understand how such rather flat surfaces are formed and what is the origin of
the observed periodic wave pattern.
5.1.3 Conclusions
We have investigated the cleavage of chromium single crystals by a Low-Temperature
Scanning Tunneling Microscope technique. Our study revealed that the brittle frac-
ture of a Cr [001] oriented single crystal can provide atomically flat and clean (001)
surfaces with terrace widths varying from a few up to hundreds of nanometers. We
found different types of surface topographies on the cleavage plane, which originate
from different orientations of the macroscopic crack propagation to the natural easy
crack propagation directions. A direct proof of the existence of two independent
cleavage crack propagation directions is presented. We found that the brittle fracture
process does not cause segregation of impurities to the surface and confirmed that the
cleavage of bcc metals is possible due to directional anisotropy of crack propagation.
Our STM observations suggest that the speed of a crack propagation plays an impor-
tant role in the cleavage of chromium single crystals. This new method of atomically
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clean surface preparation for transition metals at helium temperature, combined with
the advantages of low-temperature STM, opens up new possibilities for spectroscopic
studies of perfect atomically clean surfaces and of individual defects and impurities
on transition metal surfaces but more technical improvements of the cleavage method
are still required in order to obtain atomically flat surfaces on a larger scale and more
reproducibly.
5.2 Observation of Friedel oscillations on Cr(001)
In this section we present a Low-Temperature Scanning Tunneling Microscopy study
of the Cr(001) surface produced by cleavage of a single crystal. We observed anisotropic
screening charge density oscillations in the vicinity of surface defects and steps.
5.2.1 Introduction
One of the fascinating phenomena which may happen on metallic surfaces are Friedel
oscillations. These long-range modulations in the charge density were predicted by
Friedel [18] nearly forty years ago and are set by free-like electrons which are scat-
tered on an impurity or other defect and interfere with themselves. This is a pure
quantum mechanical phenomenon and leads to an electron wave function in the form
of a standing wave with a period given by 2pi/Q, Q being the nesting vector of elec-
trons at the Fermi surface. Although Friedel oscillations result in the modulation of
the total density of states (DOS), they can be also resolved by Scanning Tunneling
Microscopy (STM) as spatial modulations of local DOS around the Fermi level, as has
been recently demonstrated on metal [19, 20, 21, 22, 23, 24] and semiconductor [25]
surfaces. The observations of the Friedel oscillations on metallic surfaces gave a great
opportunity to obtain unique information on 2D Fermi contours [21, 22, 23], disper-
sion of free-electron like surface states (even those which are not centered around Γ¯
point) [19, 20, 26], and lifetimes of surface-state electrons [27, 28]. In addition, the
understanding of Friedel oscillations in any particular system is very important be-
cause they are the primary mechanism for long-range interactions between adsorbed
particles [29]) and magnetic interaction between two nuclei [30].
Although large progress was made in last years in observations and understanding
of Friedel oscillations, one thing was common in all experiments, namely the nature of
the studied surfaces. All experiments were performed on Ag, Au. Cu, and Be surfaces
where the electrons can be described as a 2D electron gas because of free electron like
surface states. To date, it remained unknown how more complicated surface electronic
structures and surfaces with d-like surface states would manifest themself in Friedel
oscillations. The bcc(001) surfaces of transition metals are a perfect progenitor for
testing the possibility of the existence of Friedel oscillations on more complicated
surfaces and the influence of localized surface states. In addition, the investigation of
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Figure 5.7: 21 nm×21 nm atomically resolved STM image taken at Vb = −50mV
and IT = 0.5nA. Charge-density oscillations near single impurities can be seen.
the electronic structure of transition metal surfaces remains a progressively developing
field as transition metals are primary used in magnetic multilayers.
5.2.2 Results and Discussions
As we mentioned in Sec. 5.1 the Cr(001) surfaces produced by cleavage of a single
crystal are atomically clean. However, we found that it is possible to find surface
areas where impurity concentration slightly exceeds the bulk concentration probably
due to the existence of such “high” dopant zones in the crystal itself. Because the
impurity concentration on such surfaces is still in the far sub-monolayer range, such
“contaminated” surfaces can serve as a perfect playground for studying the influence
of a single impurity on the electronic properties of the Cr(001) surface.
Figure 5.7 shows such a Cr(001) surface area with different types of impurities both
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Figure 5.8: a), b), c) 6.5 nm×13.5 nm atomically resolved STM image taken at
Vb = −50mV and IT = 0.1nA. Charge-density oscillations near single impurities
and step edges can be seen.
in the first layer and buried in the subsequent layers. As one can see, the charge-
density oscillations are set around different impurities (1,2,4 and 5). Around the
impurities marked 5 and 6 no oscillations have been resolved due to the fact that they
are probably located below the first layer and therefore the resulting oscillations will
decay much faster than in the two-dimensional case [28]. It should be also mentioned
that we observed these oscillations resulting from single steps which were present on
the studied surface (Fig. 5.8).
From a line profile shown in Fig. 5.9 we can determine the period of the observed
Friedel oscillations (Q = 0.97 ± 0.05 A˚−1). It can be also determined from Fourier
Transformed (FT) STM images (see inset in Fig. 5.9), as has been proposed for the
precise analysis of Friedel oscillations and for obtaining 2D Fermi contours of the
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Figure 5.9: A line profile of Friedel oscillations measured at Vb=50 mV. The dash
curve shows a fit by a A/rbcos(Qr) function. The obtained from the fit parameters
are b = 1.5 ± 0.2, Q = 0.97 ± 0.05 A˚−1. The inset shows 2D Fourier transform
(power spectrum) of an STM images with Friedel oscillations. Four lattice sports
can be seen and can be used for internal calibration. The four-fold symmetry
of Friedel oscillations in < 011 > crystallographic directions can be seen as four
segments circle.
studied surfaces [21, 22, 23].
Another characteristic of the observed Friedel oscillations on the Cr(001) surface
is their anisotropy. As can be seen in Figs. 5.7 and 5.8 the oscillations are not circular
but have a distinctive asymmetry. They propagate in < 011 > four crystallographic
directions and are suppressed in < 001 > directions. The same anisotropy is also
seen in FT images. In the inset in Fig. 5.9 the spots marked “lattice spots” are used
for internal calibration of an FT image because they are the reciprocal lattice vector
positions in the Γ¯H¯ direction. The four-segment circle centered at the origin is caused
by Friedel oscillations around impurities. The anisotropy of these oscillations cause
the reduction of the circle intensity in the Γ¯H¯ directions.
It has been shown for the first time by Hofmann et.al. [23] that the charge-density
oscillations which are set on conducting surfaces in order to screen a local potential
represent the exact nature of electrons which contribute to the screening including
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the anisotropy of a state to which they belong. In fact a power spectrum of an
STM image with Friedel oscillations is a 2D Fermi contour of the surface [21, 22, 23].
Also it has been shown that primary electrons from a surface state contribute to 2D
Friedel oscillations because they are localized on the surface. Analyzing the electronic
structure of the Cr(001) surface (see [31] and Sec. 5.3 of this thesis) we came to
the conclusion that there are no free-electron like surface states with the observed
symmetry which can contribute to the observed oscillating pattern with a given Q.
Another possibility we considered for chromium is a charge density wave which
accompanies the spin-density wave [8]. It was shown [8] that the bulk charge density
wave in Cr gives rise to significant charge density modulations at the Cr surface. These
type of oscillations have the following distinctive properties: (i) they are undisturbed
by steps, adsorbates, or segregated surface contaminants; (ii) the overall wave pattern
shows no dispersive behavior; they are largely suppressed at the Cr(001) surface.
The above mentioned characteristics of these bulk charge density waves allow us to
conclude that we are not dealing with the same effect but with truly surface Friedel
oscillations.
Concluding, we observed Friedel oscillations arising on point defects and step
edges on the Cr(001) surface. These oscillations can be characterized by a wave vec-
tor Q = 0.97A˚−1 and the suppression of its amplitude in the < 001 > crystallographic
directions. In order to understand which electronic states contribute mostly to these
oscillations one need to calculate spatial contributions to the electron susceptibility
taking into account specific nature of the Cr(001) surface. Unfortunately such calcu-
lations are not available yet but we can compare the bulk Fermi-surface cross section
of Cr(001) (see Ref. [32]) to the power spectrum which has been obtained in our ex-
periments (inset in Fig. 5.9), we find that the nesting of the Fermi surface in the ΓN
directions might be responsible for the observed oscillations. However the oscillations
Q vector is different from the theoretical value of the nesting vector, which is not
surprising since calculations [32] do not incorporate surface effects but present only
the projection of bulk Fermi surface to the (001) plane.
5.3 Scanning Tunneling Spectroscopy measurements
on cleaved Cr(001) surfaces†
In this section we present Low-Temperature Scanning Tunneling Spectroscopy mea-
surements on atomically clean Cr(001) surfaces obtained by single crystal cleavage
(see Sec. 5.1). An intense sharp surface state at around 25meV above the Fermi level
has been observed. We studied the influence of different defects on this surface state.
†Part of the results presented in this section have been published previously: Real-space imaging
of an Orbital Kondo resonance on the Cr(001) surface, O.Yu. Kolesnychenko, R. de Kort, M. I.
Katsnelson, A. I. Lichtenstein, and H. van Kempen, Nature 415, 507 (2002).
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Figure 5.10: Averaged tunneling conductance vs sample bias voltage (dI/dV)
and normalized (dI/dV)/(I/V) spectra measured in the middle of a Cr(001) terrace
of 70 nm wide. The IT vs Vs curve was obtained using 200 points in the energy
window of ±1V. Numerical dI/dV was obtained using 5 point differentiation. The
setpoint during spectroscopy was I = 1 nA, Vs = −1 V.
5.3.1 STS measurements on large atomically flat terraces
As we have explained in Sec. 4.4, the Scanning Tunneling Spectroscopy technique
can be employed to investigate surface electronic structure with atomical spatial res-
olution, therefore this technique provides conclusive knowledge about the electronic
structure of perfect surfaces and of defects on an atomic scale. Moreover, because we
performed the STS study with a very stable Low-Temperature STM, the absence of
thermal drift and high stability permitted images of 200×200 I/V pixels and 200 I/V
points per pixel in spectroscopy mode to be obtained. In addition, high-resolution
spectroscopy measurements were possible because at helium temperatures the thermal
broadening in dI/dV is only 3.5kBT ≈ 1.4meV.
Figure 5.10 shows the tunneling conductance spectrum (dI/dV) of the Cr(001)
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surface averaged over a 10 nm×10 nm atomically clean surface area in the middle
of a monoatomic terrace of 70 nanometers wide. The spectrum can be characterized
by a very strong and narrow feature located at around 30mV above the Fermi level
defined as Vb = 0. In addition two shoulder-like features at around -0.5V and 0.4V
can be seen. As we discussed in Sec. 4.4, both dI/dV and (dI/dV)/(I/V) can be
used in order to compare experimental data to the surface density of states. The
normalized spectrum in Fig. 5.10 exhibits more pronounced features at -0.5 and 0.4
volts but the peak at low energy is shifted to 20mV. This shift is understood from
simulations described in Sec. 4.4. As can be seen in Fig. 4.9, for a strong peak in the
density of states which is located so close to the Fermi level the normalization causes
an artificial reduction of the peak energy. Therefore this low energy feature in the
density of states can be described more accurately using dI/dV experimental spectra.
Because we are going to concentrate our analysis on the strong peak at 30mV and
not the two features at higher energies, all further data analysis will be performed
using dI/dV spectra.
As we mentioned in Sec. 4.4, measurements by STS dI/dV characteristics are
always convolution of sample and tip electronic structures, therefore one has to be
careful that features observed in tunneling spectra are derived from the sample and
not from the tip. Figure 5.11 shows two spectra measured above the Cr(001) surface
(a) and above a particle which has been produced during the cleavage or has been
dropped from the tip (b). A sharp contrast between these two spectra indicates that
the observed features in dI/dV spectra are derived from the Cr(001) surface and not
from the tip. Also experiments performed with different tips gave consistent results.
It is important to mention that this feature has been very well reproduced (position
and width) on different surfaces produced by fracture of four samples. Figure 5.12
shows twelve dI/dV spectra measured on different atomically clean and flat surface
areas. As one can seen both the peak at 30mV and high energy features are very well
reproduced. Although the intensity of the peak at 30mV can vary due to different tips,
the shape remains unchanged. Also it can be seen that for peaks with higher intensity
the peak become broader in such a way that the characteristic width remains constant.
Therefore, we can conclude that the observed resonance is an intrinsic property of the
Cr(001) surface and is not related to stress which might be introduced into the crystal
during the fracture of the sample.
5.3.2 STS measurements on Cr(001) consisting of monoatomic
terraces
Surfaces consisting of monoatomic terraces have been extensively studied because
they exhibit properties different from the flat surface (e.g work function reduction,
the larger sticking probability for adsorbates, and the promotion of catalytic reac-
tions). Because it is generally believed that surface states influence gas adsorption
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Figure 5.11: Averaged tunneling conductance vs sample bias voltage (dI/dV)
measured above a surface area which is shown in the inset. (a) - above the
Cr(001) surface. (b) - above a particle. The IT vs Vs curve was obtained using
200 points in the energy window of ±1V. Numerical dI/dV was obtained using 5
point differentiation. The setpoint during spectroscopy was I = 1 nA, Vs = −1 V.
The inset shows a 10nm x 10nm topographic image of the surface area which was
taken simultaneously with spectroscopic measurements. Lower part of the image
has different contrast because of tip change.
and growth mode [1], the influence of monoatomic terraces on the observed surface
state is important from a practical point of view. Figure 5.13b shows a spectroscopic
image (dI/dV )Vs at the bias voltage corresponding to the peak position. One can
see that step edges in both [110] and [100] directions can also be clearly seen in the
spectroscopic image as dark lines ( i.e., lower dI/dV amplitude). From single curves
shown in Fig. 5.14 for the terraces oriented in the [110] crystallographic direction one
can see that under approach to the terrace edge the peak amplitude decrease, the
peak become broader, and shifts to higher energies. A similar effect was also found
for terraces oriented in the [100] crystallographic direction (see Fig. 5.15). Within
the accuracy of our measurements we found no difference for the dependence of the
peak position on the distance from the terrace steps oriented in the [110] or the [100]
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Figure 5.12: Twelve averaged dI/dV spectra measured above different atomi-
cally clean and flat surface areas from two samples. The setpoint during spec-
troscopy was I = 1 nA, Vs = −1 V.
directions.
We found that the observed shift of the peak energy in the close proximity to a
terrace edge is more strong on narrow terraces. Figure 5.16 shows a dependence of
the peak on the width of terraces oriented in [100] direction. As can be seen similar
to spectra presented in Figs. 5.14 and 5.15, for narrow terraces the peak becomes
broader and shifts to the higher energies, but the absolute value of the shift for a given
characteristic distance from the step edge is approximately one order of magnitude
larger for narrow terraces as compared to an isolated step edge.
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Figure 5.13: a) Topographic image of the Cr(001) surface at a setpoint of I =
0.2 nA and Vs = −0.2 V. The image shows a frame of 16 nm× 16 nm. [110] terraces
with a step height of 0.144 nm can be observed. b) STS measurements on the
surface area shown in Fig. 5a. The image contains 100 × 100 pixels. Each pixel
shows an amplitude of the tunneling conductance spectrum at Vs = 26 mV (e.g.,
peak amplitude).
5.3.3 STS measurements on point defects
In order to learn more about the intrinsic properties of this narrow feature in the
Cr(001) density of states we studied the influence of point defects which could be found
on the cleaved surfaces. As we have discussed in Sec. 5.1 the cleavage of chromium
single crystals does not cause segregation of impurities to the surface. However on
some occasions surface areas with a higher concentration of point defects could be
found. We believe that this is due to existence of such high impurity concentration
zones in the crystal itself.
Figure 5.17a shows an STM image of the Cr(001) surface with various types of
impurities in the first and subsequently buried layers obtained at a bias voltage far
from the resonance. The charge density oscillations set around the impurities in order
to screen the local potential can be seen (for discussion of Friedel oscillations see Sec.
5.2). This oscillation pattern persists for all energies except for the narrow region
(5meV < Vb < 40meV ) corresponding to the resonance. An STM image obtained at
the bias voltage corresponding to the resonance energy (Fig. 5.17b,c) shows cross-like
depressions centered around impurities. The size of this feature is about 4.5nm in the
< 100 > directions. We found mostly two types of impurities on the cleaved surface:
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Figure 5.14: Tunneling conductance vs sample voltage dependencies from the
dI/dV map shown in Fig. 5.13b. dI/dV were numerically differentiated from
IT (Vs) measurements taken at every 2 mV. Curves 1-6 were taken at the dis-
tances 2.2±0.05 nm, 1.4±0.05 nm, 0.8±0.05 nm, 0.5±0.05 nm, 0.25±0.05 nm, and
0.1±0.05 nm, from the step edge respectively. The inset shows the dependence
of the peak position on the distance from the step edge oriented in the [110]
crystallographic direction. The drawn lines are to guide the eye.
one is seen as protrusions (e.g., 2 in Fig. 5.17c) corresponding probably to S, and
another is seen as depressions (e.g., 1 in fig. 5.17c) corresponding probably to N, O or
C, as these elements are most common for a Cr single crystal [7]. Although the exact
origin of point defects on the Cr(001) surface is unknown, it is important to notice
that the cross-like feature appears on both types of impurities and is related to the
intrinsic electronic property of the Cr(001) surface. This depression is the result of
a decrease of the density of states at the energy corresponding to the resonance with
cross-like spatial distribution, as can be seen from a dI/dV map shown in the inset in
the top of Fig. 5.17. A three dimensional structure of this suppression can be seen
in Fig. 5.18. The depth of this feature in the center is 40 pm and the depth of the
wings extended in the [100] directions is about 10pm. Also atomic corrugation inside
the depression can be seen from line profiles in Fig. 5.18.
In addition to a strong voltage dependence between the Friedel oscillations pattern
and the cross-like feature appearing on impurities marked as 1 and 2 in Fig. 5.17c, one
can also see more slow variations of an appearance in STM images of two impurities in
the top of Fig. 5.17c. Such a dependence of impurities in STM images on bias voltage
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Figure 5.15: Tunneling conductance vs sample voltage dependencies numeri-
cally differentiated from IT (Vs) measurements taken at every 10 mV. dI/dV
curves 1-7 were taken at the distances 1.5±0.05 nm, 1.0±0.05 nm, 0.75±0.05 nm,
0.5±0.05 nm, 0.3±0.05 nm, 0.15±0.05 nm and 0.1±0.05 nm, from the step edge
respectively. The inset shows the dependence of the peak position on the distance
from the step edge oriented in the [100] crystallographic direction. The drawn
lines are to guide the eye.
was reported previously for an oxygen atom adsorbed on the GaAs(110) surface [33].
It was suggested [33, 34] that the observed dependence on the applied bias voltage
depends how the adsorbate modifies the local density of states. An oxygen atom
adsorbed on the GaAs(110) surface increases the state density below the Fermi level
at the expense of a decrease of unoccupied state density. Figure 5.19 shows dI/dV
maps taken at different bias voltages which are proportional to the local density of
states at a given energy. From these pictures one can again see the appearance of
the cross-like feature at voltages corresponding to the resonance, but in addition one
can also see that two impurities at the top of the images exhibit brightness (height)
variation for deferent voltages. Apparently these two impurities are of the same origin
but are located at a different distance from the surface.
Summary In this section we have presented our all experimental results obtained
on the Cr(001) surface by the Scanning Tunneling Spectroscopy technique. In the
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Figure 5.16: Differential conductance spectra measured in the center parts of
terraces with different widths. 1-5 - peak positions are 24, 34, 54, 70, 130 mV
measured on a surface area with average terrace widths of 20, 5, 2, 1.5, 0.8 nm,
respectively. The drawn lines are to guide the eye. An inset shows the dependence
of the surface state energy on the terrace width.
next two sections we are going to discuss these results within the framework of two
models: One-electron surface states and Orbital Kondo resonance.
5.4 One-electron model
The Cr(001) surface electronic structure has been studied previously by room tem-
perature Scanning Tunneling Spectroscopy measurements [5, 7, 35]. In all these cases
surfaces were prepared by the sputtering technique and therefore, as we discussed in
Sec. 5.1, the obtained surfaces exhibited a large amount of segregated impurities [7].
The best surfaces were apparently obtained by growing six monolayers of Cr on an
Fe(001) whisker [5], but the influence of the substrate on the Cr(001) surface elec-
tronic properties remains unknown. Nevertheless, these investigations consistently
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Figure 5.17: Top: The inset shows a dI/dV map plotted at bias voltage of 25 mV
corresponding to the resonance energy. A dark cross-like feature corresponds to
the suppression of the peak amplitude mapped in the real space. Black squares
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equal to a) -50 mV, b) 5mV, c) 25 mV and d) 100 mV.
132
Scanning Tunneling Microscopy and Spectroscopy investigations on
ultra-clean Cr(001) surfaces
a
100
0
1
0
0 1 2 3 4 5
-0.04
-0.03
-0.02
-0.01
0.00
h
e
ig
h
t
(n
m
)
distance (nm)
0 1 2 3 4 5
-0.05
-0.04
-0.03
-0.02
-0.01
0.00
h
e
ig
h
t
(n
m
)
distance (nm)
b
c
b
c
Figure 5.18: a) The topographic image presented in Fig. 5.17c. b, c) Line
profiles taken along c and d shown in Fig. 5.18a.
show that the Cr(001) surface density of states exhibit a peak located around 50mV
below the Fermi level (see Fig. 5.20). Using calculations of the Cr(001) surface den-
sity of states by the full-potential linearized augmented plane wave method this peak
was assigned to a localized Γ surface state with mainly d3z2−r2 symmetry which has
a minority character [5]. However it should be mentioned that the correspondence
between the measured peak position and the calculated peak energy was obtained
by artificially reducing the surface magnetic moment [36]. The true peak position
calculated ab-initially was found to be 0.55 eV above the Fermi level. Strictly speak-
ing these room temperature STS measurements [5, 7, 35] showed only that there is
a peak in the Cr(001) density of states. Its intrinsic width could not be determined
due to thermal smearing and lifetime broadening [27, 37]. Also all new information
on the influence of intrinsic and extrinsic defects which we presented in Sec. 5.3 was
not available. Furthermore we are going to discuss these new aspects of the observed
feature in the Cr(001) density of states in the framework of the suggested one-electron
surface state model.
Peak position The density functional calculations [5, 6, 31] for the Cr(001)
surface consistently obtain a dz2 surface state at 550meV above the Fermi level,
which is a minority part of a spin-split dz2 one-electron surface state. In Ref. [5],
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Figure 5.19: dI/dV maps plotted for different bias voltages showing the depen-
dence of local density of states on the bias voltage for three impurities.
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Figure 5.20: Tunneling conductance vs sample voltage measurements of the
Cr(001) surface obtained (1)- at room temperature on six monolayers of Cr grown
on an Fe(001) whisker at 270o C. Taken from Ref. [5]. (2)- at helium temperature
on the (001) surface of a Cr single crystal. For details see Fig. 5.10.
the authors fitted the position of this state to the experimental value by reducing
the surface magnetic moment from 2.5 to 1.75µB . Such an artificial reduction of the
surface magnetic moment is unlikely because of two reasons: (i) we do not think that
several ab-initio calculations give such a large error in a surface magnetic moment but
describe satisfactory and consistently all ather properties. (ii) an artificially reduced
surface magnetic moment does not correspond to the energy minimum, which makes
such calculations not ab-initio any more.
Peak width It is important to stress the sharpness of the observed resonance
in the Cr(001) density of states (see Fig. 5.10). Since STS measurements at 4.2K
reveal the intrinsic width of this state it becomes possible to compare it directly to
the calculated surface DOS. It is well known from all the experience of ab initio band
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Figure 5.21: The shift of a state energy as a function of a terrace width observed
on the Cr(001) surface (circles) and taken from Ref. [38] for the Cu(111) vicinal
surfaces. The inset shows schematically the dependence of the magnitude of the
surface state energy shift on the steepness of the corresponding dispersion curve.
structure calculations that the smallest width of one-particle quasilocalized states in
metals is typically 300 - 500meV. This fact is very easy to understand since in metals
all surface states are located not in a “real gap” but in a so-called quasigap. Therefore
all surface states exhibit a strong sp admixture to these states due to hybradization.
Although the STS technique is more sensitive to states at the center of the Brilloun
zone, nethertheless the intrinsic width of a dz2 state (e.g, the most localized surface
state from all possible candidates) remains of the order of 200 - 300meV. This fact
makes the observed sharpness of the peak very intrigueing and actually very difficult
to understand. If one still wants to explore the possibility that the observed resonance
originates from a one-particle surface state, one has to bare in mind that only very
localized dz2 state might be a possible candidate to explain spectroscopic observations
on the Cr(001) surface. Here, the following question can be put forward: if such a very
localized surface state can exist, can it still contribute sufficiently to the tunneling
current?
Influence of terraces In the Subsec. 5.3.2 we have presented the influence of
terraces on the peak in the Cr(001) density of states. Let us first discuss the shift of
the resonance energy which was observed on the narrow terraces and its dependence
on the terrace width (see Fig. 5.16). In the framework of a one-particle surface state
such an effect can be explained by confinement of electrons which belong to this state
in a one dimentional potential well [39] formed by steps. In a simple one-dimentional
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model with infinite potential walls the shift is
∆E = ~2/2m∗L2 (5.1)
where m∗ is the effective electron mass and L is a step width. This effect of a surface
energy shift due to confinement on terraces has been observed on Cu(111) vicinal
surfaces [38]. Surprisingly we found that the absolute value of the shift observed on
vicinal Cr(001) surfaces has almost the same value as on Cu(111) (see Fig. 5.21).
In the latter case the confined electrons belong to the s,p-like surface state with a
parabolic dispersion and an effective electron mass of 0.45me. As we discussed above,
in the Cr case the width of the observed peak indicates that we are dealing with
a very localized state which automatically means a very flat dispersion curve. A
difference between these two cases is schematically shown in the inset in Fig. 5.21.
As can be seen, for the same terrace width one would expect much a bigger shift for
an s,p-like surface state than for a localized state. The same conclusion can be drawn
from an effective mass point of view (m∗ = dE2/dk2). As it follows, the observed
shift of the peak energy on Cr(001) is very difficult to understand within the model
of confinement in a one-dimensional potential well formed by steps.
We also observed a reduction of the peak amplitude and a shift of its energy
near a step edge. Within the framework of a one-electron surface state a decrease
of the resonance intensity can be explained by scattering into bulk states on a step
edge. A similar effect was observed for vicinal surfaces of noble metals [38], where the
amplitude of a free-electron like surface state was found to decrease on step edges due
to intermixing with bulk states. But the shift of the state energy near step edges (see
Figs. 5.14 and 5.15) is not so trivial to understand. The only one-particle phenomena
which might cause the increase of a surface state energy on a terrace edge is, to our best
knowledge, an increase of the local magnetic moment on an edge site (e.g., an atom at
the edge site has less nearest neighbors than for an atom on a flat surface, therefore a
local magnetic moment at the edge site should be larger. This effect is similar to an
increase of a surface magnetic moment in comparison to the bulk value.) Due to this
increase in magnetic moment the splitting between majority and minority parts of the
local density of states should also increase causing a shift of the peak corresponding
to spin-split dz2 surface state. Unfortunately there are no theoretical or experimental
results addressing the magnitude of a local magnetic moment on a Cr step edge site
and the corresponding position of the dz2 state. However, the magnitude of this
effect can be estimated if we compare calculated results for the Cr(001) surface with
different surface magnetic moments [5]. The increase of a surface magnetic moment
from 1.75µB to 2.6µB causes a shift of the state energy from -0.05 eV to 0.55 eV. As
we expect that a local magnetic moment on an edge site should be 10-20% larger in
comparison to a flat surface the corresponding shift of a state energy should be several
hundereds of meV. This is one order of magnitue larger than observed experimentally
(see Figs. 5.14 and 5.15), therefore the proposed explanation for the shift of the peak
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position near step edges is very unlikely.
Influence of point defects The appearence of a cross-like feature (Fig. 5.17)
on point defects at the bias voltage corresponding to the resonance energy is the
most difficult feature to understand within a one-particle model. Here, two aspects
have to be discussed: the symmetry and the spatial extension of this effect from a
point defect. The observed four-fold symmetry can not be atributed to the orbital
symmetry of the wave functions forming the corresponding one particle resonance in
the surface DOS because a dz2 state has a circle-like in-plane symmetry, whereas dxz,
dyz and dx2−y2 states can not form such a localized surface state. Also no theoretical
calculations predicted a dxz, dyz or dx2−y2 surface state near the Fermi level.
A large spatial extension of the depresion from a point defect is also in contra-
diction with a model of a dz2 surface state. The possibility of an existence of a such
localized state in the surface DOS of transition metals excited the surface science
comunity mainly due to the fact that this state can be utilized for chemical identifi-
cation with atomic spatial resolution by the STS technique [5, 36]. This method uses
the fact that a one-particle state localized in k-space is also localized in the real space
above an atom to which it belongs. In contrast we have observed that destruction
of a state on the Cr(001) surface on one atom is extended to about ten interatomic
distances in disagreement with expectations for a dz2 state.
The above mentioned implies that the model of a dz2 surface state cannot explain
the appearence of a large extended depression with four-fold symmetry on point de-
fects. We can also consider other possible hypotheses which might explain this effect:
the coupling of an impurity to the bulk state and the coupling of dz2 surface state
to the bulk band on the impurity site. The fact that we observed the appearance
of this cross-like feature on defects of different nature (see Fig. 5.17c) indicates that
this effect can not be atributed to electronic wave functions of an impurity but is an
intrinsic property of the Cr(001) surface electronic structure. Also the coupling of
an impurity to the bulk bands cannot explain the strong voltage dependence of this
feature because the bulk band is very broad. The possibility of coupling of the dz2
surface state to the bulk band with different wave vectors in different directions can
also be excluded since it would result in increase of the peak width [38] due to hy-
bridization with bulk electrons which was not observed experimentally and therefore
these hypotheses can be excluded.
Summary In this section we have explored all possibilities to explain our new
experimental data by a one-particle model of dz2 surface state. Summarizing all this
discussion, one can make a conclusion that the observed results do not fit within this
model. One particlar fact can still be explained by one-electron theory under very
strict assumptions (e.g., the width of the peak might be explained by very strong
localization of a dz2 surface state) but other experimental data strongly contradict
these assumptions making the explanation by the one-particle model not coherent
at all. Therefore we are forced to admit that this model can not satisfactorily and
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Figure 5.22: The schematic representation of the Kondo effect. a) Spin-flip scat-
tering between conduction electrons of a metal and the local magnetic moment of
an impurity. b) The Kondo ground state where the conduction electrons screen
the local magnetic moment. c) The low-energy excitations which is formed in the
electron density of states.
consistently describe experimental data and we have to look for another model in
order to understand STS measurements on the Cr(001) surface.
5.5 Many-electron surface resonance
5.5.1 Introduction
The Kondo effect is a facinating, many body quantum phenomenon. It was discovered
experimentally about seventy years ago [40] as an anomalous resistence minimum of
magnetic alloys at low temperatures. The explanation of this phenomenon came
only in the 1960’s [41] and became the starting point of still progressively developing
field of many-electron physics. The Kondo effect is connected to the ineraction of the
localized spin moment with itinerant electrons of a host metal (spin-flip scattering Fig.
5.22a). This scattering leads to a highly correlated manybody ground state (see Fig.
5.22b) where the conduction electrons form a spin polarized cloud around the magnetic
impurity. This screening cloud the low-energy ecitations lead to the formation of a
narrow resonance at the Fermi level, – Abrikosov-Suhl or Kondo resonance [42, 43].
Two important parameters for the Kondo problem are temperature and magnetic
field. If the temperature becomes higher than some characteristic temperature (TK),
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the correlations between the impurity spin and the conduction electrons are broken
and the Kondo effect disappears. The magnetic field also influences the Kondo effect
due to the fact that the degeneracy of two states beween which the spin flip occurs
(spin up and spin down quantum states) is very important. In this way the applied
magnetic field destroys the degeneracy leading to disapearence and splitting of the
Kondo resonance. The increase of impurity concentration also destroys the degeneracy
due to RKKY interaction between magnetic impurities leading to the destruction of
the Kondo effect in magnetic alloys with high impurity concentration.
During the last fourty years “Kondo physics” has been extensively explored and
evolved into one of the most interesting and general many-particle phenomena. Apart
from diluted magnetic alloys it is also extensively explored in the broad spectrum of
problems connected with heavy fermion physics [43]. Recently with the development
of nanotechnology it appears that also here the Kondo effect is very important. It
has been found in nanoscale electronic devices [44, 45] and carbon nanotubes [46, 47].
Scanning Tunneling Microscopy, which is well known as an excellent tool to inves-
tigate the atomic structure of conductive surfaces, can be also employed to explore
many-body phenomena, such as the formation of the Kondo resonance [46, 48, 49,
50, 51, 52] or d-wave pairing in copper-oxide high-Tc superconductors [53]. The
unique STM ability to observe the Kondo effect in real space brings a new excitement
into a “classical” Kondo problem, as has been shown recently by forming a quan-
tum mirage of a magnetic atom [49]. In an experiment on a single magnetic atom
[48, 49, 50, 51, 52] the Kondo resonance was observed as an assymetric dip in dI/dV
spectra due to Fano [54] interference between localized and itinerant electron states
[48]. It has been also found [48] that the contribution from the localized electron
states decrease as the tip moves away from the atom’s center, whereas the contribu-
tion of itinerent electron states remains constant. However, in an experiment on Co
clusters deposited on single-walled carbon nanotubes [46], the Kondo resonace was
seen as a peak in dI/dV spectra indicating that the tunneling into localized states
dominates over the continium channel. Authors speculated that this difference is con-
nected to the detailed characteristic of the nonmagnetic host but the exact answer
remains unknown.
After the discovery of the Kondo effect in diluted magnetic alloys, it has been real-
ized that the main idea behaind the Kondo effect – flip scattering between conduction
electrons and internal degrees of freedom (spin in the case of a magnetic atom), can
be generalized for scattering centers with non-spin degrees of freedom. In principle,
nothing rules such a Kondo effect out provided that there are two truly degenerated
states on the tunneling center or impurity ion. Since the mid 80s, there has been a
large body of experiments arising from tunneling centers in metals, actinide ions in
metals, electric dipoles in metals and more recently quantum dots in the Coulomb
blockade regime [55].
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Figure 5.23: a)- Spin-polarized density of states (DOS) for a two-degenerate pe-
riodic Anderson model (parameters see in the text). The bare DOS consisting of
conduction electrons and dxz, dyz surface states is shown by filled area. The cor-
responding DOS for correlated electrons is shown by dashed and dash-dot curves
for majority and minority states respectively. b)- An orbital Kondo resonance on
a larger scale. c) - A pictorial view of the orbital Kondo resonance formation on
the Cr(001) surface. A virtual transition between dxz and dyz surface states via
hybridization with the conduction sp band leads to the formation of an orbital
singlet state.
5.5.2 Formation of an Orbital Kondo resonance on Cr(001)
The tight-binding mean-field calculations for the ferromagnetic Cr(001) surface [6]
demonstrated the existence of two degenerate spin-split dxz, dyz surface states located
about 1 eV below and above the Fermi level. The spatial symmetry of these states
on (001) surface protects the degeneracy and the interaction of such states with the
conduction electrons can lead to the formation of a many-body Kondo resonance
near the Fermi level. The dxz state, being hybridized with the conduction electron
bands, changes into the dyz state via virtual many-body excitations, and vice versa
(see Fig. 5.23c). In this process a many-body “orbital singlet” can be formed, with
the dxz, dyz states mixed symmetrically in the surface plane, similar to the spin-
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flip mechanism of the local magnetic moment screening in the conventional Kondo
effect [55]. These orbital flips lead to the formation of a many-electron resonance at
the Fermi energy – the orbital Kondo resonance. Since we have the whole lattice of
the resonant scattering centers (every surface atom), a narrow quasiparticle band is
formed near EF , similar to the formation of the heavy-fermion state in the spin Kondo
lattices [43]. It is important to stress that we consider the orbital Kondo resonance
due to a double degeneracy of the dxz, dyz states and not the spin one since the spin
degeneracy is broken by the ferromagnetism of the Cr(100) surface [35].
In order to verify the formation of the orbital Kondo resonance on the Cr(001)
surface quantitatively, we have carried out calculations for the periodic degenerate
Anderson model [43, 56] with the Hamiltonian
H =
∑
kmσ
[
Eσ0 f
+
kmσfkmσ + εkmσc
+
kmσckmσ + V
σ (c+kmσfkmσ + f
+
kmσckmσ)
]
+
+
1
2
∑
i,m,m′ ,σ,σ′
Uσσ
′
m,m′
nimσni,m′ ,σ′ (5.2)
where fkmσ , ckmσ are the annihilation operators for localized and itinerant states,
correspondingly, k is the wave vector, σ is the spin projection, m=1,2 corresponds
to dxz and dyz surface states for the localized electrons, and sp band indices for
itinerant electrons with the spectrum Eσ0 = E0 − σH is the on-site d-energy, H is
the spin splitting, Vσ is the effective spin-dependent hybridization parameter, U
σ,σ
′
m,m′
is a rotationally invariant Coulomb matrix for the two-orbital model defined via the
effective Hubbard repulsion U and Hund exchange J energy, correspondingly, nimσ =
f+imσfimσ and i is the site index. We use the simple semicircular model for conducting
sp-bands with a total band-width of 4 eV and effective hybridization parameters of
0.4 and 0.5 eV for spin-up and spin-down interactions, respectively, which simulate
the ferromagnetic surface of chromium [6]. The Coulomb interaction parameters
U=1.2 eV and J=0.4 eV describe the screened electron-electron interactions among
the d-electrons. In order to solve the problem, we use the dynamical mean-field theory
(DMFT, for review see [56]), which is considered as a reliable approximation in lattice
many-body models and was used for the investigation of the electronic structure for
a one-band periodic Anderson model in Ref. [57]. The effective impurity problem
has been solved by the exact diagonalization technique [56] with the six effective
states in the electronic bath function. The results of the calculations are shown in
Fig. 5.23a. The orbital Kondo resonance, in the vicinity of the Fermi level (Fig.
5.23b), forms under very general conditions. A reasonably small intrinsic bandwidth
for dxz, dyz states cannot destroy it since the Kondo resonance is also known for
the itinerant-electron Hubbard model [56]. The characteristics of spectra for larger
energies (| E −EF |> 0.3 eV) are more sensitive to the details of the real conduction
band structure.
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Figure 5.24: Averaged tunneling conductance vs sample bias voltage measured
in the middle of a Cr(001) terrace of 70 nm width is shown by dots. The solid
curve shows a fit by the Fano shape with TK=15 meV, q=1.9 and ε0=20 meV.
The dot curve shows the best fit of the resonance “tail” by A+B*ln(V), and the
dash curve by A + B/V 2.
5.5.3 Discussion of experimental data
Position and width As we have discussed in Subsec. 5.5.1 a Kondo resonance is
always located near the Fermi level due to its many electron nature, therefore a many-
particle model is consistent with the experimental observation of a peak in the Cr(001)
surface density of states so close to the Fermi level (26meV). The experimentally
observed width of the peak also points to the many-electron nature of the resonance.
The width of a Kondo resonance is determined by the Kondo temperature [43] and
therefore can be very small. The asymmetrical line-shape of the peak suggests that a
Fano model [54] has to be used in order to analyze it quantitatively. This model was
considered to be a reliable approximation for analysis of Kondo resonances observed
by STS ([48], also see Subsec. 5.5.1). The interference between noninteracting discrete
channels and a continuum may be expressed in terms of the rate of transition to a
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final state of energy ε
R(ε) ∝ R0(ε)(ε) (q + ε
′
)2
1 + ε′ 2
, ε
′
=
ε− ε0
Γ/2
(5.3)
where ε0 is the energy of the discrete state, Γ is the width of the resonance, R0(ε) is
the transition rate as it would be in the absence of the discrete state, and q is the ratio
of the matrix elements linking the initial state to the discrete and continuum parts of
the final state. As has been shown in [48], the parameter Γ gives directly the Kondo
temperature of the corresponding resonance (Γ = 2kBTK). A fit by the Fano shape
to the experimental spectrum is shown in Fig. 5.24 by the solid curve. As can be
seen the Fano model describes the experimental line-shape very well including a dip
at the Fermi level. There is an essential difference between our STS data, concerning
the orbital Kondo lattice, and the previous experimental results on the spectroscopy
of Kondo resonances for isolated magnetic impurities [48, 49, 50, 51, 52]. In the latter
case the resonance in the density of states is observed experimentally as a dip in
dI/dV due to the Fano interference between localized and itinerant electron states.
The corresponding q parameter in the Fano model was about 0.7 indicating that the
continuum channel mostly contributed to the tunneling in those cases. In our case
we found that the q parameter describing the line-shape of the peak is 1.9 indicating
that in the case of the orbital Kondo lattice dxz, dyz surface states contribute directly
to the current, which results in the resonance in the dI/dV spectra. A similar effect
is well known in heavy-fermion physics where heavy f-electrons contribute to the
superconductivity, de Haas-van Alphen effect, etc [43]. In our case, the tunnel current
of dxz , dyz states can overshadow the contribution of itinerant electrons. We would
like to point out that the shape and the width of the Cr(001) resonance is strikingly
similar to the Kondo resonance observed on Co clusters where TK=16meV and q=3.3
were found.
We also analyzed the line-shape corresponding to the “tail” of the resonance. In
the model of one-particle long-lived quasi-localized state this part has to be described
by the Breit-Wigner law corresponding to 1/V 2 dependence on the bias voltage. In
contrast, a characteristic feature of the Kondo behavior is a logarithmic dependence.
This feature was often used as the only available proof of the Kondo effect in metallic
glasses and some other systems [55]. As can be seen in Fig. 5.24 a logarithmic function
is a better fit to the tail of the resonance than the Breit-Wigner law.
Cross-like feature on point defects It has been recently demonstrated that
the symmetry of the order parameter in superconducting cuprates can be revealed by
monitoring its destruction on defects [53]. As has been discussed in [58], this idea can
be generalized: an impurity locally destroys a coherent state and allows to visualize
the character and spatial symmetry of this state with the atomic scale STM probe. A
Kondo resonance is a specific coherent many-body state with the order parameter an
average of a “slave boson” operator [43]. Therefore the observed four-fold symmetry
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of depressions on impurities (Fig. 5.17) directly reflect the wave character of the
resonance. As we have discussed above, we suggest that the Orbital Kondo resonance
on Cr(001) is formed by dxz , dyz surface states which are mixed symmetrically in the
surface plane. The corresponding four-fold symmetry of a resulting state corresponds
nicely with the experimentally observed cross-like feature (see Fig. 5.17). Also the
large extension of these depressions on impurities follows the proposed many-body
model. In contrast to a one-electron state, for the Kondo resonance of many-electron
origin, the narrow distribution in k-space leads to a large extension in real space with a
characteristic radius rK ≈ ~vF /TK where vF is the average Fermi velocity [43]. This
estimation is based on the fact that the Kondo resonance, as well as Cooper pairs,
are formed from a very narrow region in k-space near the Fermi surface. However it
should be pointed out that the rK only demonstrates the origin of the effect but do
not reflect the size of the “Kondo cloud” quantitatively. It has been also found that
the spatial extension of a Kondo resonance from a magnetic atom observed by STS
technique [48, 49, 50, 51, 52] is much smaller than the theoretically predicted size of
the Kondo cloud.
Influence of terraces
In a model of conventional (spin) Kondo a magnetic field has a pronounced influ-
ence on a Kondo resonance. It is even often called a hallmark of the Kondo effect
that the magnetic field causes the splitting and broadening of the Kondo resonance
at fields comparable to the Kondo temperature. However we have to point out that
this picture is only valid for symmetric Kondo resonance (e.g., located on the Fermi
level) [43]. In this symmetric model the temperature only causes the broadening of
the resonance, whereas in the case of an asymmetrical model (e.g., the Kondo res-
onance is not located at the Fermi level) the temperature increase causes not only
broadening of the resonance but also a shift to another energy [43]. To our best
knowledge there is no theoretical model treating the influence of magnetic field on an
asymmetrical Kondo resonance, although it has been observed experimentally [46, 49]
but the influence of magnetic field was not reported. Since the influence of magnetic
field and temperature are closely related (e.g., they both destroy the coherence of
the Kondo state), for the general non-symmetric Kondo lattice problem the shifting
and broadening of the many body resonance is a more general way of destroying the
Kondo coherence.
As we discussed in Subsec. 5.5.2 the degeneracy of dxz, dyz surface states is
protected by surface symmetry. This symmetry is broken on one dimensional defects
such as step edges. This breaking of symmetry would result in the destruction of dxz,
dyz surface state degeneracy and as a consequence the disappearance of the Kondo
resonance. This expectation is in excellent agreement with experimental observation
of the peak disappearance on step edges (Fig. 5.13). Following the analogy with spin
Kondo effect we can also introduce an effective “pseudo magnetic field” (horbeff ). The
dependence of horbeff on the distance from the step edge (d) can be estimated in first-
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Figure 5.25: 1 (dots)- dependence of the peak position on the terrace width
plotted as a function of a half step width. 2 (square), 3 (triangle) - the peak
position as a function of the distance from a [100] and [110] step edges respectively.
The solid line shows a best fit which gives ∝ 1/d−1.1±0.2 dependency of the peak
position as a function of the distance from the step edge (d).
order perturbation theory to within the change of the total electron density. Similar
to Friedel oscillations, this leads to horbeff ∝ d−3/2 for a general shape of the Fermi
surface [24] and horbeff ∝ d−1 for the case of a pronounced “nesting” on the Fermi
surface. As can be seen in Fig. 5.25, the dependence of the peak energy as a function
of the distance from the step edge follows the d−1.1±0.2 law in agreement with the
theoretical picture for the “nesting” of the Cr(001) Fermi surface which we also found
experimentally from the Friedel oscillations (see Sec. 5.2). This effect of the shift of
the peak position on monoatomic terraces is expected to double due to contributions
from both step edges. However, as can be seen in Fig. 5.25 the peak shift observed on
terraces is larger and continue to increase for narrow terraces becoming almost one
order of magnitude larger on very narrow terraces. This fact can be understood by
interaction of perturbation centers (terrace edges) at sufficiently small distances. In
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this case the simple first-order perturbation theory approximation can not describe
the real picture any more and a more sophisticated theory has to be put forward.
5.5.4 Comparison with all previous experimental results
We can also analyze experimental results which were obtained by room temperature
STS measurements on the Cr(001) surface. STS measurements at room tempera-
ture [5] revealed a broadened peak in the Cr(001) surface density of states located at
50meV below the Fermi level. In the framework of the orbital Kondo effect we expect
that at higher temperatures the many-body resonance would shift and broaden as a
logarithmic function of temperature surviving up to 4TK [41]. Also a recent room
temperature experimental study by spin-polarized STS [35] can be nicely described
by our model. As shown in Fig. 5.23 we calculated that the orbital Kondo reso-
nance on the Cr(001) surface has a minority spin character in agreement with these
experimental results [35].
Here, we would also like to comment on the possibility of studying the Kondo
physics at room temperatures. At low temperatures the distinction between one
electron surface states and many-body Kondo resonance is quite clear. Combining
STS results on the width of the peak in the energy space and real space imaging of
the “kondo cloud” one can make the conclusion based on the distinctive narrowness of
the Kondo resonance and large spatial extension of the corresponding wave functions
in real space. However, at room temperatures this difference becomes very small.
Broadening of the Kondo peak at higher temperatures makes it comparable with
characteristic widths of some very localized surface states. On the other hand at
higher temperatures the corresponding “Kondo cloud” size shrinks as one over width
of the peak. Taking into account instrument inaccuracy, which is always higher at
room temperatures, it becomes very tricky to make a difference between a one-electron
surface state and a many-electron resonance at room temperatures.
5.5.5 Conclusions
We have demonstrated that the orbital degeneracy of the dxz and dyz surface states
can lead to the formation of an orbital Kondo resonance. The possibility of the spin
Kondo resonance on the Cr(001) surface is excluded since this surface is strongly fer-
romagnetic. The presented model provides consistent and convincing explanations for
all the experimental observations reported in Sec. 5.3. Also all previously reported
data fall nicely in the presented many-electron model. It is expected [43] that a Kondo
resonance would shift and broaden at T > TK surviving up to 4TK . Indeed room
temperature STS data [36] show a broadened peak near the Fermi level but shifted to
another energy. Also spin polarized STS studies [35] are in good agreement with the
proposed many-electron explanation as we showed that the Orbital Kondo resonance
on Cr(001) has a minority character (see Fig. 5.23). We believe that the presented
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arguments convincingly indicate that the many-electron model outweighs the one-
electron picture which cannot coherently describe the whole body of experimental
data. As it follows, we presented a first direct evidence that the orbital degrees of
freedom of surface electron states can lead to the Kondo effect. This important discov-
ery opens up a novel system, namely the transition metal surface, where many-body
physics is of crucial importance. Other transition metal surfaces (e.g., manganese)
can demonstrate similar features provided that an orbital-degenerate surface state
exists. The width of the Kondo resonance can vary but the position should be always
near the Fermi level.
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Summary
This thesis deals with a number of experiments that have been performed using Me-
chanically Controlled Break Junctions (MCBJ) and Scanning Tunneling Microscopy
(STM) techniques. MCBJ enable one to do experiments with two clean surfaces of
the same material that are held in a highly stable configuration where the vacuum gap
between electrodes can be very accurately set, and can be varied in a continuous way.
A general introduction, technical details, advantages and drawbacks of this technique
are given in Chapter 2. It is demonstrated that it is possible to improve the charac-
teristics of MCBJ electrodes by a novel method of surface modification which allows
the production of electrodes with nearly flat interfaces and a greatly reduced number
of surface defects. In Sec. 2.6 of Chap. 2 we investigated the thermal expansion
dynamics of W, Pt-Ir and Au MCBJ electrodes, which is an inevitable part of the
surface modification process. Further, in Sec. 2.7, peculiarities of electron tunneling
phenomena in magnetic MCBJ are studied. It is shown that magnetic nanoparticles
can be created and confined between ferromagnetic MCBJ electrodes. Discussing
the influence of these particles on the tunneling current at ultra-short distances we
considered several phenomena such as spin-polarized tunneling, tunnel barrier height
variations, density of state effects, metallic adhesion, magnetic exchange interaction,
and finally thermal effects, described in Sec. 2.6 but in the case of small nanoparticles.
Chapter 3 provides measurements at bias voltage Vb much larger than the work
function φ of the metal under investigation, emphasizing the junction conductance
oscillation effect also known as field emission resonances (FER). In Sec. 3.2 of this
chapter a detailed theoretical treatment of FER in a one-dimensional model with a
trapezoidal barrier is given. In Sec. 3.3.1 it is demonstrated that the pronounced three
dimensional nature of the MCBJ electrodes results in an extremely high sensitivity
of the field emission resonance spectra to the fine details of the surface geometry,
electronic structure and electric field distribution at small electrode separations. At
larger distances a quasi-classical approximation can be used for the determination of
the metal work function, precise calibration of the electrode relative displacement and
discrimination between “blunt” and “sharp” electrodes on the basis of the distance
- voltage z(V ) dependence. In Sec. 3.4 we used FER phenomena as an accurate
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method for calibration of the relative displacement ∆z of Mechanically Controllable
Break junction electrodes and for determination of the metal work function φ using
the oscillating behavior of tunnel conductance in a field emission region. The preci-
sion of the proposed method is at least one order of magnitude better than the most
reasonable estimations that have previously been possible. In combination with tun-
nel current - distance dependence I(z) measurements the absolute vacuum gap can
be evaluated with an accuracy ± 0.25 A˚. Finally in the last section of Chapter 3 we
utilized FER to study the influence of adsorbed helium on the metal work function.
Measurements for Au, Be, Mg, Dy, Ni, Co, Fe and Pt have uncovered dramatic in-
creases in metal work functions caused by physisorption of He atoms. These results
are in sharp contrast to the data for the other rare gases where the work function
decreases on a moderate scale. At high He coverage or for junctions measured di-
rectly in the liquid helium the potential barrier height at the metal-He interface is
approximately twice as large as the work function of the metal under investigation.
Chapters 4 and 5 of this thesis are devoted to Scanning Tunneling Microscopy and
spectroscopy (STM and STS) techniques and experimental results obtained by these
methods. The Scanning Tunneling Microscope is an instrument which is based on the
exponential dependence of tunnel current on the vacuum barrier width. The strong
sensitivity of the tunnel current to the barrier width can then be utilized to study
the surface topographic and electronic structure on an atomic scale by recording the
tunnel current while moving the tip in a plane parallel to the sample surface. In
addition, by measuring the current as a function of bias voltage across the junction,
it is possible to probe the sample local density of states (LDOS).
Chapter 4 provides a brief description of the basics of STM and technical details
of the Low-Temperature STM. In this chapter we mainly concentrate on important
peculiarities of STM/STS and on experimental method for obtaining atomically clean
and flat surfaces – cleavage technique. In Sec. 4.2 it is shown that the interpretation
of atomically resolved images is very complicated. We discuss and present experi-
mental evidences which show that the shape and electronic structure of the tip can
significantly influence the appearance of atomically resolved images. It is also demon-
strated that depending on the bias voltage atoms can appear both as protrusions and
depressions on STM images. In Sec. 4.3 we summarized the current experimental and
theoretical knowledge of the cleavage of brittle materials as a method for producing
atomically flat and clean surfaces for STM studies. We concentrate on the cleavage
of bcc materials which are subsequently used in Chapter 5 in order to describe the
results. In Sec. 4.4 the use of STS as a local probe for the electronic structure of
a sample surface is analyzed. It is shown that both dI/dV and (dI/dV)/(I/V) devi-
ate from the surface density of states. In order to elucidate this discrepancy, simple
model calculations are performed. From these calculations criteria are derived which
can be used in order to analyze STS studies and to determine the surface electronic
structure.
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Chapter 5 discusses experimental results obtained on the Cr(001) surface by STM
and STS techniques. Using the fracture of Cr single crystals at liquid helium tem-
perature, we were able to obtain atomically clean and flat Cr(001) surfaces, the char-
acterization of which by STM is presented in Sec. 5.1. In Sec. 5.2 the observation
of Friedel oscillations on point defects and step edges on the Cr(001) surface is pre-
sented. Results of the Cr(001) surface electronic structure are shown in Sec. 5.3.
All new experimental findings are discussed within the framework of one-particle and
many-electron models. We demonstrate that the orbital degeneracy of the dxz and
dyz surface states can lead to the formation of an orbital Kondo resonance. In or-
der to verify the formation of the orbital Kondo resonance on the Cr(001) surface
quantitatively, we have carried out calculations for the periodic degenerate Anderson
model. A first direct evidence that the orbital degrees of freedom of surface electron
states can lead to the Kondo effect are presented. This important discovery opens up
a novel system, namely the transition metal surface, where many-body physics is of
crucial importance.
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Samenvatting
Dit proefschrift beschrijft een aantal experimenten die zijn uitgevoerd met behulp van
Mechanisch Controleerbare Breek Juncties (MCBJ) en zogenaamde Scanning Tunnel
Microscopy technieken. MCBJ biedt de mogelijkheid om experimenten te doen met
twee schone oppervlakken van hetzelfde materiaal die zijn opgehangen in een uiterst
stabiele configuratie waarbij de onderlinge afstand zeer naukeurig ingesteld en geva-
rieerd kan worden. Een algemene inleiding, technische bijzonderheden, voordelen en
nadelen van deze techniek worden gegeven in Hoofdstuk 2. Er is aangetoond dat het
mogelijk is de eigenschappen van MCBJ te verbeteren met behulp van een nieuwe me-
thode voor oppervlak modificatie, waarmee elektroden met een bijna plat oppervlak
en met weinig defecten geproduceerd kunnen worden. In onderdeel 2.6 van Hoofdstuk
2 is de thermische expansie dynamica van W, Pt-Ir and Au MCBJ elektroden onder-
zocht. Het is een onvermijdelijk onderdeel van het oppervlak modificatie proces. In
Onderdeel 2.7, zijn de eigenaardigheden van het tunnelen van elektronen in magneti-
sche materialen bestudeerd. Er is bewezen dat zeer kleine deeltjes geproduceerd en
opgesloten kunnen worden tussen ferromagnetishe elektroden. Hierbij zijn een aan-
tal fenomenen besproken: spin-gepolariseerd tunnelen, hoogte variaties van de tunnel
barrie`re, dichtheid van elektronische toestanden, metallische adhesie, magnetisch ver-
ruilde wisselwerking en ten slotte het thermisch effect voor kleine deeltjes.
Hoofdstuk 3 bevat metingen bij Vb groter dan de werkfunctie van het metaal. In
dit hoofdstuk is de nadruk gelegd op het weerstand oscillatie effect ook bekend als
veld emissie resonanties (VER). In Onderdeel 3.2 wordt een gedetailleerde omschrij-
ving gegeven van VER voor een een dimensionale model met trapezo¨ıde barrie`re.
Onderdeel 3.3.1 laat zien dat het drie dimensionale karakter van de barrie`re zorgt
voor een zeer hoge gevoeligheid van het veld emissie resonantie spectrum voor kleine
details op het oppervlak, de elektronische structuur en de spreiding van het electri-
sche veld bij kleine afstand tussen de elektroden. Op de grotere afstanden tussen de
elektroden kun een quasi klassieke beschrijving gebruikt worden om de werkfunctie
van het metaal, naukeurige ijking van de elektrode verschuiving en onderscheid tussen
“botte” en “scherpe” elektroden te bepalen afhankelijk van de afstand-spanning z(V )
karakteristieken. In Onderdeel 3.4 is het VER effect gebruikt om de relatieve verschui-
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ving ∆z van MCBJ elektroden te ijken en de werkfunctie van het metaal te bepalen.
De naukeurigheid van deze methode is ten minste een orde van grootte beter dan
alle op dit moment beschikbare methoden. In combinatie met tunnel stroom-afstand
karakteristieken I(z) kan de vacuu¨m opening worden bepaald met een naukeurigheid
van ± 0.25 A˚. Ten slotte, in het laatste onderdeel van Hoofdstuk 3 is VER gebruikt
om de invloed van geadsorbeerd He op de werkfunctie van metalen te onderzoeken.
Metingen voor Au, Be, Mg, Dy, Ni, Co, Fe en Pt hebben aangetoond dat geadsor-
beerde He atomen de werkfuncties van deze metalen verhogen. Deze resultaten zijn in
scherpe tegenstelling met resultaten voor andere edelgassen waarbij een verlaging van
de werkfunctie is gemeten. Voor hogere He bedekingen en voor juncties in vloebaar
He gemeten, bleek de potentiaal barrie`re bijna twee keer hoger dan de oospronkelijke
werkfunctie van het metaal.
Hoofdstuk 4 en 5 van dit proefschrift zijn gewijd aan Scanning Tunneling Microsco-
py en spectroscopy technieken en een aantal experimenten en resultaten die met deze
technieken behaald zijn. De STM is een instrument waarvan de werking gebaseerd is
op het exponentiele verband tussen de tunnel stroom en de tunnel barrie`re breedte.
Dit verband kan gebruikt worden om de topografie en elektronische structuur van het
oppervlak te bestuderen.
Hoofdstuk 4 bevat een beschrijving van de STM techniek en van de voor dit on-
derzoek gebruikte Lage-Temperatuur STM. In dit hoofdstuk worden de belangrijkste
aspecten van STM/STS beschreven en wordt een experimentele methode besproken
om atomair schone en vlakke oppervlakken te maken: de klief techniek. In Onderdeel
4.2 is gedemonstreerd dat de interpretatie van STM plaatjes met atomaire resolu-
tie zeer gecompliceerd is. Wij presenteren en bespreken de experimentele resultaten
welke aantonen dat de vorm en de elektronische structuur van de tip een grote in-
vloed op STM plaatjes met atomaire resolutie hebben. Er wordt ook aangetoond
dat afhankelijk van de spanning atomen als verhogingen of als verlagingen op de
STM plaatjes kunnen verschijnen. In Onderdeel 4.3 wordt de huidige experimente-
le en theoretische kennis over het klieven van brosse materialen om atomair vlakke
en schone oppervlakken te verkrijgen samengevat. De nadruk wordt gelegd op het
klieven van bcc materialen, deze kennis wordt vervolgens in hoofdstuk 5 gebruikt om
de daar beschreven experimentele resultaten te verklaren. In paragraaf 4.4 wordt de
geschiktheid van STS voor het onderzoeken van de locale elektronische structuur van
oppervlakken geanalyseerd. In deze paragraaf wordt aangetoond dat zowel dI/dV als
(dI/dV)/(I/V) afwijken van de toestandsdichtheid aan het oppervlak. Om meer licht
op deze discrepantie te werpen, zijn simple model berekeningen uitgevoerd. Uit deze
berekeningen zijn criteria afgeleid die gebruikt kunnen worden om de resultaten van
STS te analyseren en de elektronische oppervlakte structuur te bepalen.
In hoofdstuk 5 worden de experimentele resultaten verkregen uit de STM en STS
studies van het Cr(001) oppervlak besproken. Het is mogelijk gebleken een atomair
vlak en schoon Cr(001) oppervlak te verkrijgen door een Cr kristal bij vloeibaar
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helium temperatuur te klieven. De karakterisatie van dit oppervlak met behulp van
STM wordt gegeven in paragraaf 5.1. In paragraaf 5.2 wordt ingegaan op de Friedel
oscillaties, die zijn waargenomen aan punt defecten en stap randen op het Cr(001)
oppervlak. De resultaten van de metingen aan de elektronische structuur van het
Cr(001) oppervlak worden getoond in paragraaf 5.3. Alle nieuw gevonden resultaten
worden besproken in de context van de one particle en many electron modellen. Er
wordt aangetoond dat ontaarding van de dxz en dyz oppervlakte toestanden kan leiden
tot het optreden van een orbital Kondo resonance. Teneinde het optreden van een
orbital Kondo resonance op het Cr(001) te verifie¨ren zijn berekeningen uitgevoerd met
het ontaarde Anderson model. Een eerste direct bewijs voor het optreden van het
Kondo effect ten gevolge van de vrijheidsgraad van de orbitalen van de elektronen van
de oppervlakte toestand wordt geleverd. Deze belangrijke ontdekking baant de weg
vrij voor een nieuw systeem: het overgangsmetaal oppervlak, waarbij veel-deeltjes
fysica van cruciaal belang is.
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